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REMARKS 

Claims 21 , 23-29, and 31 -37 are pending in this application. Claims 21 , 23, 24, 
26-29, 32, 33, 35, and 36 are amended to more particularly define the subject matter of 
the invention. Support for these amendments is found in the specification as filed at, for 
example, page 1, lines 17-18; page 6, lines 19-25; and page 12, lines 9-12. 

REJECTIONS UNDER 35 U.S.C. §112. FIRST PARAGRAPH 

Enablement 

The Examiner has maintained the rejection of claims 23, 24, 28-29, 32-33, 35, 
and 36 under 35 U.S.C. § 1 12, first paragraph alleging that the claims are not enabled. 
Specifically, the Examiner objects to the language "bone and/or cartilage inducing 
factor" and contends that the specification does not provide enablement for all bone or 
cartilage inducing factors or all BMPs, as broadly claimed. The Examiner contends that 
some of these factors have distinct biological activities that are sometimes opposite of 
one another (Vukicevic et al.; Massague; U.S. Patent 5,194,596; Benjamin et al.). The 
Examiner further alleges that the specification fails to teach the skilled artisan how to 
use all members of the TGF-B superfamily, all BMPs, and/or GDFs in the claimed 
invention without resorting to undue experimentation. 

Applicants believe that the Examiner has misunderstood and consequently 
mischaracterized the arguments made in response to the Office Action dated 
June 25, 2005. Therefore, Applicants disagree with and traverse the statements made 
by the Examiner in support of this rejection. 
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Moreover, Applicants submit that the rejection is unwarranted and that the 
specification fully enables the claimed invention. The claims recite administration of a 
genus of proteins defined by well known structural characteristics, i.e., structural 
characteristics that are common to all member of the TFG-p superfamily (claims 23, 28, 
32, and 35) or bone morphogenetic proteins (BMP) (claims 24-25, 29, 31 , 33-34, and 
36-37). The proteins are further defined by specific functional characteristics, i.e., the 
ability to induce the formation of cartilage tissue. Thus, only compounds that possess 
the specified structure and function are encompassed by the claims. 

Methods for determining whether a BMP or other TFG-p superfamily protein is 
capable of inducing the formation of cartilage tissue are well known to those of skill in 
the art. For example, Wang et al., "Purification and Characterization of Other Distinct 
Bone-inducing Factors," Proc. Natl. Acad. Sci. USA 85:9484-9488 (1988) (copy 
enclosed) describes an in vivo cartilage and bone formation assay that was available 
well before the filing date of the application. Moreover, working examples of TFG-p 
superfamily members which fall within the claims are provided in the application. It 
would not require undue experimentation to determine whether any particular TFG-p 
superfamily protein or BMP is capable of inducing the formation of cartilage tissue. 
Nothing more is required to enable the claims. 

Accordingly, Applicants respectfully request that the rejection be withdrawn. 
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Written Description 

The Examiner has maintained the rejection of claims 23, 24, 28-29, 32-33, 35, 
and 36 as allegedly failing to comply with the written description requirement of 35 
U.S.C. § 1 12, first paragraph. Specifically, the Examiner alleges that the structural and 
functional features required for describing a genus such as a TGF-p superfamily 
member or a BMP are not provided. Applicants traverse. 

The rejected claims are directed to administering a TGF-B superfamily protein or 
a BMP that is capable of inducing the formation of cartilage tissue in combination with 
non-tissue culture expanded CD105+ cells isolated from bone marrow. The 
specification clearly describes the administration of a TGF-B superfamily protein or a 
BMP (e.g., at page 6, line 19 to page 7, line 6). The TGF-B superfamily proteins and 
BMPs are well known, art recognized, genuses of proteins that have been extensively 
studied and characterized by structure and function. See, e.g., Ozkaynak et al., 
"Osteogenic Protein-2 A New Member of the Transforming Growth Factor-p 
Superfamily Expressed Early in Embryogenesis," J. Biol. Chem. 267(35): 25220-7 
(1992); Ducy and Karsenty, "The Family of Bone Morphogenetic Proteins," Kidney 
International 57:2207-14 (2000); and Wozney, "The Bone Morphogenetic Protein Family 
and Osteogenesis," Molecular Reproduction and Development 32: 160-7 (1992) (copies 
enclosed). 

The specification also clearly indicates that induction of cartilage tissue is a key 
feature of these proteins (e.g., at page 1 , lines 11-12 and lines 18-19; page 6, lines 5- 



-7- 



Application No.: 10/078,808 
Attorney Docket No. 08702.0086-00000 

10; page 1 1 , lines 10-13). Only members of the recited genus of proteins that are 

capable of inducing cartilage tissue fall within the claims. This functional characteristic, 

like the structural characteristics of the TGF-B superfamily of proteins, is well known and 

understood by those of skill in the art. Together, the recitation of well known structural 

and functional characteristics of the encompassed proteins is sufficient description to 

meet the written description requirement of 35 U.S.C. § 1 12, first paragraph. 

Moreover, the invention here does not lie in the discovery of that TGF-B 
superfamily proteins or BMPs are capable of inducing cartilage formation. As already 
discussed, these proteins are known in the art or can be identified using well known 
techniques without undue experimentation. Instead, the present invention lies in the 
discovery that non-tissue culture expanded CD105+ cells isolated from bone marrow 
may be administered to induce chondrogenesis. As a result, the Examiner's contention 
that the structural and functional features of every BMP or TGF-B protein must be fully 
presented in the application is an inappropriate generalization. See, Capon v. Eshhar, 
418 F.3d 1349, 1358 (2005) ("When the prior art includes the [structural] information, 
precedent does not set a per se rule that the information must be determined afresh.") 

Applicants respectfully submit that adequate description of TGF-B superfamily 
proteins or BMPs capable of inducing formation of cartilage tissue for combination with 
non-tissue culture expanded CD105+ cells isolated from bone marrow is provided by 
the specification. Accordingly, Applicants request that the rejection be withdrawn. 
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REJECTION UNDER 35 U.S.C. § 102 

Applicants thank the Examiner for withdrawing previous rejections under 35 
U.S.C. § 102(a). 

Claims 21, 23-29, and 31-37 stand rejected under 35 U.S.C. § 102(e) as 
allegedly anticipated by U.S. Patent No. 6,761,887 (the '887 patent), which was also 
published as PCT publication WO 00/29552 on May 25, 2000. Applicants respectfully 
submit that the '887 patent is not prior art and therefore, this rejection is improper and 
must be withdrawn. 

Patents issued directly or indirectly from international applications filed before 
November 29, 2000 may only be used as prior art based on the provisions of 35 U.S.C. 
§ 102(e) in effect before November 29, 2000. Thus, the § 102(e) prior art date of such a 
patent is the earliest of the date of compliance with 35 U.S.C. § 371(c) (1), (2), and (4), 
or the filing date of the later-filed U.S. continuing application that claimed the benefit of 
the international application. Manual of Patent Examining Procedure , § 706.02(a)ll(B). 

The '887 patent has a 35 U.S.C. § 371 (c)(1 ), (2), (4) date of June 21 , 2001 , as 
indicated on the face of the patent. This date is later than the present application's 
priority date of February 23, 2001. Therefore, the '887 patent is not a § 102(e) prior art 
reference and the Examiner should withdraw this rejection of claims 21 , 23-24, 26-28, 
32-33, and 35-36. 

Claim 21, 23-24, 32-33, and 35-36 stand rejected under 35 U.S.C. § 102(e) as 

allegedly anticipated by U.S. Patent No. 6,835,377 (the '377 patent), which has an 

effective filing date of May 13, 1998. The Examiner contends that the '377 patent refers 
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to methods for regenerating articular cartilage and treating a cartilage defect resulting 

from osteoarthritis, comprising administering human mesenchymal stem cells to a host 

in need thereof. The Examiner further contends that the '377 patent teaches BMPs as 

molecules known to be involved with chondrogenesis. Applicants traverse this rejection 

for at least the following reasons. 

Applicants' claims recite methods for inducing chondrogenesis using non-tissue 
culture expanded CD105+ cells. The methods of claims 21 and 26-28 may only be 
practiced with non-tissue culture expanded cells, while the '377 patent only describes 
tissue culture expanded cells. Applicants' invention provides the first description of the 
use of non-tissue culture expanded cells for inducing chondrogenesis. 

There is a significant difference between a population of cells that have 
undergone rounds of tissue culture and a population of primary cells isolated from a 
patient. Cultured cells are continually expanded to produce an almost infinite number of 
cells, and the selection of the cells by adhesion to cell culture plates tends to select for 
the most stable and long-living cells types. In contrast, primary, non-culture expanded 
cells are limited in number and in their ability to survive upon implantation. Accordingly, 
the use of culture expanded cells for the induction of chondrogenesis does not 
anticipate the use of non-expanded cells in the same methods. Thus, the '377 patent 
does not teach all the limitations of the amended claims and Applicants respectfully 
request that this rejection be withdrawn. 
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REJECTION UNDER 35 U.S.C. § 103 

The Examiner has rejected claims 21 , 23-29, and 31-37 under 35 U.S.C. 
§ 103(a) as allegedly unpatentable over U.S. Patent No. 6,835,377 (Goldberg era/., 
U.S. 2002/01 10544, claiming priority to May 13, 1998, the '377 patent) in view of 
Barbara etal. for the reasons stated at pages 9-10 of the Office Action. Applicants 
respectfully traverse this rejection for at least the following reasons. 

The Examiner contends that it would have been obvious to the person of ordinary 
skill in the art to combine the teachings of the '377 patent with the teachings of Barbara 
etal., to include BMP-2 as a factor that would induce chondrogenesis, because BMP-2 
has been shown to interact with endoglin (CD105). The Examiner concludes that the 
skilled artisan— knowing that BMP-2 was involved in controlling processes such as 
embryogenesis, organogenesis, morphogenesis of tissues like bone and cartilage, 
wound repair, and hematopoieses— would have been motivated to include BMP-2 in a 
method for inducing chondrogenesis because BMP-2 has been shown to interact with 
endoglin (CD105) in a specific, but transient manner, thus permitting regulated 
chondrogenesis. 

To establish a prima facie case of obviousness, the Examiner must establish that 
the cited art (alone, combined, or with obvious modification) teaches all the limitations of 
the claims. The Examiner must also prove that a motivation to combine the teachings 
of two references, or to modify the cited art, is present in the art or in the knowledge of 
one of skill in the art as of the priority date of the application. Finally, the Examiner must 
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establish that the cited art provided the skilled artisan with a reasonable expectation of 

success in practicing the claimed invention. M.P.E.P. § 2143. 

As set forth above, the '377 patent does not teach all the limitations of the claims. 
At best, it only discloses or suggests the use of tissue culture expanded cells. Barbara 
et al. provides no remedy to the deficiency of the '377 patent, merely teaching that 
BMP-2 interacts with CD105. In contrast to the combined teachings of the '377 patent 
and Barbara et al., Applicants' claims are restricted to the use of non-tissue culture 
expanded CD105+ cells. Accordingly, these references do not teach or suggest all the 
limitations of Applicants' claims. Neither reference provides any motivation to replace 
the tissue culture expanded cells of the '377 patent with the non-culture expanded cells 
of the claimed invention. 

Arguing in the alternative, even if the references did provide a motivation to use 
non-culture expanded cells, neither reference provides a reasonable expectation of 
success in achieving the induction of chondrogenesis by administration of non-tissue 
culture expanded cells. Instead, the '377 patent only describes the use of tissue culture 
expanded mesenchymal cells in chonrogenesis. For one skilled in the art to have any 
reasonable expectation of success in inducing chondrogenesis with non-culture 
expanded cells, several characteristics of the cells would need to be shown. First, the 
cells need to express BMP receptors. Second, the cells need to be capable of 
expressing chondrogenic genes, like Sox-9. Finally, the cells need to be able to live 
long enough in their non-expanded state to induce the desired chondrogenic effects. 
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The '377 patent does not even suggest that the cells described in that publication 

exhibit any of these characteristics, and, again, Barbara et al. does not cure this 

deficiency. 

Instead, it is only with Applicants' disclosure that one skilled in the art would 
understand that the non-expanded CD105+ cells actually have the ability to induce 
chondrogenesis. Before Applicants' disclosure, one skilled in the art would have no way 
of knowing that these cells would have this ability. Accordingly, neither the '377 patent 
nor Barbara et al. provide one skilled in the art with a reasonable expectation of success 
in practicing the claimed invention. 

Additionally, Applicants' invention has several unexpected advantages over the 
methods of the '377 patent. These advantages are described in Applicants' 
specification at page 8, lines 3-19 and page 18, lines 1-16. As discussed above, the 
mesenchymal stem cells disclosed in the '377 patent were tissue culture expanded and 
selected by adherence to plastic culture flasks. This adherence selection does not 
correlate with chondrogenic potential, whereas Applicants have demonstrated that the 
presence of CD105 on the cell surface does correlate with chondrogenic potential. 
Second, by immunoselecting CD105+ cells, the claimed invention avoids the 
deficiencies of a tissue culture expansion procedure, such as the likelihood of 
discarding potentially important cells based on their inability to adhere to tissue culture 
flask. Third, culture expansion may alter the cell surface characteristics of the cells, 
rendering them immunogenic to the host, while non-tissue culture expanded cells have 
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no opportunity to alter surface protein expression patterns. And finally, the use of non- 
tissue culture expanded cells eliminates the time-consuming, expensive, and laborious 
process of multiple steps of tissue culture expansion. 

The teachings of the '377 patent are insufficient for establishing a case of 
obviousness, and the addition of the disclosure of Barbara et al. will not lead one of skill 
in the art any closer to the claimed invention. Therefore, Applicants respectfully request 
that the rejection of claims 21 , 23-29, and 31-37 as allegedly obvious be withdrawn. 

In view of the forgoing amendments and remarks, Applicants respectfully request 
reconsideration and reexamination of this application, and the timely allowance of the 
pending claims. 

Please grant any extension of time required to enter this response and charge 

any additional required fees to deposit account 06-0916. 

Respectfully submitted, 

FINNEGAN, HENDERSON, FARABOW, 
GARRETT & DUNNER, LLP. 



Dated: April 10, 2006 




Reg. No. 54,696 
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ABSTRACT The BMPs (bone morphogenetic 
proteins) are a group of related proteins originally identi- 
fied by their presence in bone-inductive extracts of de- 
mineralized bone. By molecular cloning, at least six related 
members of this family have been identified and are called 
BMP-2 through BMP7. These molecules are part of the 
TGF-beta superfamily, based on primary amino acid se- 
quence homology, including the absolute conservation of 
seven cysteine residues between the TGF-betas and the 
BMPs. The BMPs can be divided into subgroups with 
BMP-2 and BMP-4 being 92% identical, and BMP-5. BMP-6. 
and BMP-7 being an average of about 90% identical. To 
examine the individual activities of these molecules, we are 
producing each BMP in a mammalian expression system. 
In this system, each BMP is synthesized as a precursor 
peptide, which is glycosylated, processed to the mature 
peptide, and secreted as a homodimer. These reagents 
have been used to demonstrate that single molecules, 
such as BMP-2. are capable of inducing the formation of 
new cartilage and bone when implanted ectopically in a 
rodent assay system. Whether each of the BMPs pos- 
sesses the same inductive activities in an animal is the 
subject of ongoing research. Based on the chondrogenic 
and osteogenic abilities of the BMPs in the adult animal, 
the expression of the mRNAs for the BMPs has been 
examined in the development of the embryonic skeleton 
by in situ hybridization. These studies demonstrate that the 
BMP mRNAs are spatially and temporally expressed appro- 
priately for the proteins involved in the induction and de- 
velopment of cartilage and bone in the embryonic limb 
bud. Furthermore, primary preparations of limb bud cells 
respond to BMP-2. as do several cell lines of the osteoblas- 
tic lineage. In addition to expression in the skeletal system, 
various of the BMP mRNAs are expressed in distinct tis- 
sues, suggesting additional roles during development, 
c 1992 Wiley-Liss. Inc. 
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INTRODUCTION 

Similar to the process described by Anita Roberts for 
TGF-beta, the discovery of the Bone Morphogenetic 
Proteins (BMPs) came from a search for the molecules 
responsible for a particular activity. In this case, it had 
been known for about 30 years that protein extracts 
from bone implanted into animals at non-bone sites will 
induce the formation of new cartilage and bone tissues 

C 1992 WILEY-LISS, INC. 



(Urist, 1965). In this system, the sequence of events 
recapitulates the process of bone formation seen during 
embryonic long bone development (Urist et al M 1979; 
Reddi, 1981). This process is known as endochondral 
ossification, in which you observe a cartilage interme- 
diate rather than intramembranous bone formation 
where bone is formed directly from mesenchyme. The 
identification of these osteoinductive molecuies would 
allow their use as therapeutic treatments for a variety 
of bone defects, including nonunions, fractures, and pe- 
riodontal disease. 

Purification of Bovine BMP and Cloning of the 
Human BMPs 

BMP activity was purified from bovine bone using 
ectopic bone induction in rats as the assay system 
(Sampath and Reddi, 1981), which is a reconstitution 
assay. Bone can be seen as consisting of three different 
components: 1) a mineral component which gives it its 
structural integrity, 2) a collagenous matrix compo- 
nent, and 3) a growth factor component which contains 
the BMP activity. The growth factor component can be 
extracted after the bone has been demineralized. To 
follow the BMP through its purification, the protein 
was assayed by reconstituting the fractions with rat 
bone collagenous matrix from which the endogenous 
BMP activity has been removed, and testing the effect 
of these reconstituted fractions by implantation subcu- 
taneously in a rat. The implants were left in the animal 
for 7-14 days and then removed and examined histolog- 
ically for the presence of newly formed cartilage and 
bone tissue. Thus, this assay system, which defines the 
BMP activity, is the result of a complex series of cellu- 
lar events. At early times the implant area is infil- 
trated by the undifferentiated cell types. By days 4-7 
these undifferentiated mesenchymal cells differentiate 
into chondrocytes. The chondrocytes mature and cal- 
cify. Around day 10, the beginning of new bone forma- 
tion is seen as the cartilage intermediate is removed. At 
very late times the tissue develops into normal remod- 
eling bone tissue which is complete with osteoblasts in 
the process of forming bone and osteoclasts that are 
resorbing it. 

Using this assay system, we purified BMP activity 
approximately 300,000-fold from bovine bone (Wang et 
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Fig. 1. Structure of the BMP proteins derived from cDNA clones. A 
generic BMP molecule is shown schematically with its secretory 
leader sequence, propeptide region, and carboxy-terminal mature re- 
gion. Each of the BMPs contains N-Hnked glycosylation sites in both 
the propeptide and mature regions. The table below contains alterna- 
tive nomenclature for the BMPs. the number of amino acids in the 
preprotein ^primary translation products*, and the number of poten- 
tial N-linked glycosylation sites in the mature regions of the mole- 
cules. 



al., 1988). While the yield is difficult to determine, 
there is probably about 20 |ig of protein with bone in- 
ductive activity in about 10 kg of bovine bone. By as- 
saying for BMP activity in proteins eluted from various 
gel electrophoresis systems, we determined that the 
BMP activity behaves in electrophoresis as a protein 
with a molecular weight of about 30,000 daltons, and 
the BMP protein is basic. However, gel electrophoresis 
of the 30,000 molecular weight protein under reducing 
conditions indicated the presence of multiple protein 
bands. We were not able to further purify the activity or 
determine which protein bands were responsible for the 
BMP activity because the activity is sensitive to reduc- 
tion. Therefore, our strategy was to take the protein 
that we knew had BMP activity, digest it with trypsin, 
determine the sequences of the tryptic peptides, derive 
cDNA clones, express the cDNA clones, and determine 
which recombinant proteins in the mixture had os- 
teoinductive activity. 

From our cloning efforts we ended up with seven 
different proteins which we have named BMP-1 
through BMP-7 (Wozney et al, 1988; Celeste et al., 
1990). Six of the seven proteins are in the TGF-beta 
family (see Fig. 1 >. They are all secreted proteins with a 
hvdrophobic leader sequence and a substantial propep- 
tide region; Unlike TGF-beta, each of these proteins is 
glycosylated. These molecules are also known by alter- 
native nomenclatures. For example, BMP-3 is the same 
as osteogenin iLuyten et al.. 1989); BMP-6 is the hu- 
man homologue of the murine Vgr-1 protein (Lyons et 
al.. 1989: and BMP-7 has also been called OP-1 (osteo- 
genic protein 1. Ozkaynak et al.. 1990). 



The BMP Protein Family 

The BMP proteins can be divided into subgroups 
based on the primary amino acid sequence in the ma- 
ture regions of the molecule. BMP-2 and BMP-4 are 
quite closely related molecules, being 929c identical in 
the cysteine portion of the mature region. BMP-5, 
BMP-6, and BMP-7 form another subgroup with about 
909c amino acid identity in the same region. These two 
subgroups are interrelated by about 609c amino acid 
identity, while BMP-3 is in a group of its own. 

Comparing BMPs to other members of the TGF-beta 
superfamily, BMP-2, BMP-4, BMP-5, BMP-6, and 
BMP-7 are most closely related to Drosophila decapen- 
taplegic (dpp). Because BMP-2 and BMP-4 are so 
closely related to dpp, it is quite clear that these mole- 
cules are its mammalian homologues. BMP-5, BMP-6, 
and BMP-7 are probably the mammalian homologue to 
the newly discovered 60A or Vgr/SQA gene. The next 
most closely related protein to the BMPs is Vgl, a pro- 
tein of unknown function from Xenopus laevis. After 
Vgl, the next most closely related protein is activin-A. 
The BMPs are also distantly related to TGF-beta 1, 2, 
and 3. 

When BMP-2 was expressed as a recombinant pro- 
tein in CHO cells, the transfected cells secreted a vari- 
ety of BMP-2 molecules, the most predominant being a 
homodimer of the mature molecule. In addition, the 
clipped propeptide region is found secreted into the cul- 
ture medium. The BMP-2, BMP-4, and BMP-7 propep- 
tides are secreted as monomers because they contain no 
cysteine residues to allow intermolecular crosslinks. 
We also observed small amounts of partially processed 
dimers of each of the BMPs. 

Osteogenic Activity of BMP in the Rat 
Ectopic Assay 

We first assayed the recombinant BMP proteins in 
the rat ectopic assay system to compare their activities 
with bone-derived BMP (Wang et al., 1990). Initially 
we used rat demineralized inactive bone matrix as a 
carrier for BMP-2, placed rhBMP-2 combined with this 
matrix subcutaneously into the rat, and left the im- 
plants for various times before examining them histo- 
logically. In the control implants, the carrier matrix 
particles elicited migration of occasional undifferenti- 
ated mesenchymal cells into the site. The inclusion of 
BMP-2 resulted in much more cell invasion as well as 
recognizable chondrogenesis by 5 days. At 7 days there 
was some cartilage remaining in the implants, some 
new bone formation, and the matrix was being re- 
sorbed. After about 21 days we were left with a small 
ossicle of mineralized bone, a layer of osteoblasts laying 
down bone, and a mature fatty marrow. From these 
studies it was evident that BMP-2 is sufficient to in- 
duce the formation of bone in vivo, and that the one 
molecular species rhBMP-2, has all the activity of bone- 
derived BMP in this assay system. 

To further quantitate the action of BMP-2 we estab- 
lished a scoring system on a sliding scale of 0-5 in 
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which the score 0 indicates no cartilage or bone present, 
and a score of 5 is given when the entire implant is 
composed of cartilage or bone. Using this scoring sys- 
tem, we did a dose-response and time course study. 
These results showed that cartilage formed at earlier 
times and then was replaced by bone at later times. It 
was possible to decrease the time required to observe 
bone formation by increasing the amount of rhBMP-2 
in the matrix. High concentrations of rhBMP-2 re- 
sulted in concurrent cartilage and bone formation at 
early times after protein implantation. 

A comparison of the primary sequences of BMP-2 and 
BMP-4 shows that these proteins are almost identical 
in the cysteine domain. However, the two proteins are 
quite different in the amino terminal domain despite 
the fact that they are both very basic in this region. 
Both proteins are active in the rat ectopic system (Ham- 
monds et al., 1991), although addition of about twice as 
much BMP-4 was required for the same amount of bone 
formation as seen with doses of BMP-2. The time course 
of BMP-4-induced bone formation was slightly slower 
than for BMP-2. 

BMP-5 also has the same osteoinductive effect as 
BMP-2 and BMP-4, but the time course of the osteo- 
inductive response is significantly delayed when 
compared with that of BMP-2 (Cox et al., 1991; 
D'Alessandro et aL, 1991). With BMP-5 implantation 
there is no observed bone formation until day 7. Fur- 
thermore, significantly more BMP-5 than BMP-2 is 
needed to observe the same amount of bone formation 
(Fig. 2). The same levels of bone formation as achieved 
by BMP-2 are never achieved with BMP-5 at either a 
comparable dose or a comparable time. 

To summarize, bone-derived BMP activity is due to a 
set of proteins related to TGF-beta. In our hands we 
would say it is due to the proteins BMP-2 through 
BMP-7. Others have reported purifications where they 
observe activity with a combination of BMP-2 and 
BMP-7 (Sampath et al., 1990, 1991), or that BMP-3 is 
the sole BMP activity (Luyten et al., 1989). Individual 
proteins of this family of BMP molecules are sufficient 
alone for induction of bone formation in vivo. This has 
been demonstrated for BMP-2, BMP-4, BMP-5, and 
BMP-7. However, conclusive data has not yet been re- 
ported for BMP-3. 

Induction of Bone in the Segmental 
Defect Model 

We have initiated some studies to determine whether 
BMP proteins, in particular BMP-2, will be therapeuti- 
cally useful in the human. Specifically, we wanted to 
answer the following questions: First, will rhBMP-2 
induce bone formation at a bony site and produce new 
bone that will integrate with the preexisting bone to 
form a functional union? Second, will rhBMP-2 be able 
to induce bone formation in higher animals? For exam- 
ple, while the data above demonstrates that the BMPs 
will induce bone at an ectopic site in a rat, it is known 
that the rate of bone formation in rats is significantly 
higher than in humans. 



One study was done using a rat femoral defect model 
in collaboration with Alan Yasko and Joseph Lane at 
the Hospital for Special Surgery in New York (Yasko et 
aL, 1991). In this model a 5 mm femoral defect was 
created and fixed using a polyethylene plate attached 
with Kirshner wires; rhBMP-2 was implanted in the 
defect in a bed of inactive bone matrix. The experimen- 
tal groups in this study were treated with a low or high 
dose of recombinant BMP-2. In all the studies the ear- 
ner system was allogeneic, guanidine-extracted bone 
matrix. The matrix alone was used as the control. Bone 
growth was evaluated by three criteria: 1) weekly auto- 
radiographs, 2) histology at the end of the study, and 3) 
biomechanics studies. Without treatment, a defect of 
this size will proceed to become a nonunion in 100% of 
cases. Thus, in the controls, there was a small amount 
of growth at both ends of the defect but insufficient 
osteoconduction to fill the gap. By 4.5 weeks, in defects 
treated with the higher doses of rhBMP-2 there was 
already sufficient bone formation to be defined as a 
union by an orthopedic surgeon examining the radio- 
graphs. The results of biomechanical studies in which 
the femurs of four animals implanted with rhBMP-2 
were torque-tested to determine the strength of the 
bone showed that the bone was quite strong compared 
to the untreated femurs. The presence of the holes 
through which the Kirshner wires were threaded weak- 
ened the BMP-treated femurs such that they could not 
be as strong as the untreated femur. 

In a second study, sheep were used as the experimen- 
tal animal (Gerhart et al., 1991). A similar experimen- 
tal design was used as for the rat in which BMP ad- 
hered to matrix or matrix alone was implanted in a 
2.5 cm defect in the sheep femur held together by a 
single metal plate. This study was done in collaboration 
with Dr. Tobin Gerhart and Dr. Carl Kirker-Head at 
Tufts Veterinary School. Eleven of the twelve sheep 
completed the study. In one sheep there was a failure of 
the fixation plate. The matrix control failed to heal and 
by the end of the study the region was quite grossly 
mobile and had developed a pseudoarthrosis. We also 
performed autologous bone grafting as a positive con- 
trol. This is the current preferred therapy that would be 
used to treat a defect like this in humans. The autolo- 
gous graft and the BMP-2-treated defect showed union 
by 12 weeks. In these animals the implantation sites of 
the femurs were grossly quite rigid. The results of bio- 
mechanical studies showed that the BMP-2-treated 
bone and the autologous graft were comparable to the 
contralateral control. By contrast, the bone with no 
implant or the bone treated with matrix alone showed 
no bone union. Histologically a large amount of bone 
formation could be observed in the BMP-2-treated de- 
fect with some remodeling already evident in which a 
cortex with a marrow cavity was being produced. 

Our third study was done in collaboration with Dr. 
Dean Toriumi and used a dog mandibular defect model 
(Toriumi et al., 1991). The dog is considered to have 
bones that most closely approximate those of humans in 
size and remodeling sequence. In addition, this site pro- 
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Fig. 2. Comparison of activities of rhBMP-2 and rhBMP-5: 10 ng of rhBMP-2 < A) or rhBMP-5 iB) were 
implanted subcutaneously in rats for 15 days. Implants were removed and processed for histology. C, 
calcified cartilage: ob. osteoblasts; M. unresorbed carrier matrix particles: ocl. osteoclast: V. blood vessel: 
mw. bone marrow: B. newly formed bone. 
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vides information on the efficacy of BMP- 2 bone induc- 
tion in a bone which is formed through the intramem- 
branous sequence during embryogenesis, rather than 
the endochondral process that we associate with long 
bones. Three centimeter defects were made in dog man- 
dibles. The mandibles were fixed with a metal plate, 
and then implanted with matrix alone as a negative 
control, matrix impregnated with BMP, or left empty. 
Filling of the defect with matrix alone resulted in fibro- 
sis in the defect area, the same as leaving the defect 
empty. With BMP-2, the defect was totally filled with 
bone after 3 months. By this time the bone was already 
significantly remodeled. 

To summarize the results of these studies, we have 
found that rhBMP-2 induces bone in all the models we 
investigated; in the rat ectopic bone formation assay 
and in the rat, sheep, and dog segmental defect models. 
It is interesting that the amount of BMP-2 needed and 
the time required to produce bone is similar in all these 
animals even though the sizes of the animals and their 
metabolic rates are significantly different. The rate- 
limiting parameter may be the volume of bone to be 
replaced; that is, the amount of time it takes the re- 
sponsive cells to penetrate through the implant site and 
respond to the BMP-2. 

The events observed in response to BMP in vivo are 
quite complex. It is possible that the function of the 
BMPs is to induce the initial step of the differentiation 
of mesenchymal cells into chondrocytes and then in 
vivo other growth factors, cells, and processes become 
involved to yield the cascade of bone formation. There is 
also some circumstantial evidence that BMP-2 may af- 
fect multiple stages in the bone formation process. In 
most studies the sequence of events observed in re- 
sponse to BMP implantation in vivo was differentiation 
of mesenchyme, chondrogenesis, hypertrophy, matura- 
tion of the cartilage, removal of hypertrophic cartilage, 
and then osteogenesis. However, with large amounts of 
BMP, osteogenesis can be seen concurrently with chon- 
drogenesis. We were therefore interested to determine 
whether rhBMP-2 could affect the osteogenic pheno- 
type of cultured cells. 

The calvarial-derived, multipotential C26 cells are 
capable of differentiating into osteoblasts, adipocytes or 
muscle cells. In a collaboration with Dr. Suda and Dr. 
Yamaguchi, the effects of rhBMP-2 on these cells were 
examined (Yamaguchi et al., 1991). At large doses of 
rhBMP-2, we observed induction of alkaline phos- 
phatase and a cAMP response to PTH, both markers of 
osteoblasts. In addition, the ability of these cells to 
differentiate into muscle decreased after exposure to 
rhBMP-2, as measured by the number of desmin-posi- 
tive cells; Also; rhBMP-2 strikingly induced the expres- 
sion of BGP mRNA. BGP is also called bone gla protein 
or osteocalcin and is probably the one specific marker of 
the mature osteoblast phenotype. The induction of os- 
teocalcin was enhanced by the presence of 1,25 dihy- 
droxy-vitamin D3. 

Another osteoprogenitor cell compartment is the 
bone marrow stroma. W-20 cells are a multipotent 



mouse bone marrow stromal cell that is able to differen- 
tiate into osteogenic cells and adipocytes. Upon treat- 
ment with rhBMP-2, W-20 cells increased the expres- 
sion of alkaline phosphatase (Thies et al., 1992). We 
have investigated numerous factors in this assay and 
have found no other factor or hormone which has been 
implicated in bone formation that will induce W-20 cell 
alkaline phosphatase production. In contrast, TGF- 
beta appeared to slightly inhibit alkaline expression by 
W-20 cells. BMP-5 also increased the production of al- 
kaline phosphatase by W-20 cells, but the dose response 
was shifted such that more BMP-5 than BMP-2 was 
required for comparable enzyme induction. These re- 
sults paralleled our observations on bone induction in 
vivo, i.e., in both cases, more BMP-5 than BMP-2 was 
required for a comparable effect. On the other hand, 
BMP-4 was more active than BMP-2 in the cell cul- 
tures, but slightly less active than BMP-2 in vivo. 
Trypsin-treated BMP-2 had a dose response that ex- 
actly overlaid that of BMP-4. This limited trypsin di- 
gestionof BMP-2 resulted in loss of the N-terminal re- 
gion in which exists the major differences in sequence 
between BMP-2 and BMP-4, suggesting that the N-ter- 
minus of BMP-2 modulates its action. The N-terminus 
may inhibit the activity of BMP-2 by increasing its 
interaction with nonsaturable binding sites on the 
cell's surface or in the extracellular matrix, such that 
the concentration of BMP-2 available to its receptors is 
lower than its actual concentration. 

Recently reported by Sampath and his colleagues are 
some studies of the responses of primary calvarial os- 
teoblast-like cells to BMP-7 (also called OP-1; Knutsen 
et al., 1991). These cells, which are probably a mixture 
of osteoblast progenitors at different stages of differen- 
tiation, responded to BMP-7 with increases in collagen 
production, proliferation, and increases in various os- 
teoblast characteristics such as alkaline phosphatase 
activity, PTH-stimulated cAMP production, osteocalcin 
synthesis, and mineralized nodule formation (BMP-7 in 
combination with ascorbate and betaglycerolphos- 
phate). 

So, from all these studies of cultured cells, it seems 
that the BMPs can stimulate cells to differentiate into 
the osteoblastic phenotype or cause them to increase 
the expression of osteoblastic phenotypic markers. 

The Role of BMPs in Embryogenesis 

The first evidence for a role of BMPs in embryogene- 
sis is the realization that BMP-2 and BMP-4 are the 
mammalian homologues of the Drosophila dpp. From 
the results of powerful genetic analyses of Drosophila 
we know that dpp is responsible for either delivering 
positional information or interpreting it. Therefore 
BMP-2 and/or BMP-4 may have similar roles in mam- 
malian development. The second line of circumstantial 
evidence for their role in mammalian development 
comes from the results of in situ localization of the 
various mRNAs for the BMPs during murine embryo- 
genesis (Rosen et al., 1989; Lyons et al, 1989, 1990; 
Jones et al., 1991). Bone morphogenetic proteins 2 and 



BONE MORPHOGENETIC PROTEIN FAMILY 




Fig. 3. Localization of BMP-4 transcripts in the developing mouse 
limb bud. Sections of 10.5 dpc mouse embryos were hybridized to a 
BMP-4 RNA probe labeled with I i:, S|. Localization is evident in the 
apical ectodermal ridge. 



4 were both found in the apical ectodermal ridge of the 
limb-bud very early in development (Fig. 3». The apical 
ectodermal ridge is required for positional information 
in the developing limb bud. Later in development 
BMP-2 mRNA was found in the interdigital mesen- 
chyme of the limb located between the regions where 
the cartilaginous condensations will occur. BMP-2 
mRNA expression is also observed in prevertebrae and 
in the tooth bud. Although in one report BMP-2 and not 
BMP-4 was seen in the developing tooth bud (Jones et 
al„ 1991). others have observed that BMP-4 is also ex- 
pressed in the developing tooth but with a different 
spatial distribution than BMP-2. Later in development. 
BMP-2 and BMP-4 are found in the more mature peri- 



significantly different role from BMP-2 or BMP-4 in the 
developing skeleton. 

Along with areas of bone formation, the BMPs were 
also found in many other regions of the developing. em- 
bryo. For example. BMP-2 is found in the heart and in 
whisker follicles. BMP-6 is found in brain, spinal cord, 
and skin. BMP-3 is found in the brain. In many of these 
regions various TGF-betas are also expressed. 

Because of our interest in the developing limb and 
the role of BMPs in this process, we were interested in 
whether the BMPs could afreet the development of limb 
bud cells. Therefore we have isolated cell lines from the 
limb buds by taking mouse embryos at various stages, 
removing the limb buds.and immortalizing the cells in 
the limb buds using a retroviral vector with a c-mvc 
gene and a neomycin resistance gene as a selectable 
marker. The neomycin resistant cells were selected and 
examined for their phenotype and their growth re- 
sponses to BMPs. Most of the work to date has been on 
cells derived from 13-day mouse embrvos. The pool of 
cells responded to BMP-2 with a substantial increase in 
alkaline phosphatase, which could be potentiated by 
the addition of retinoic acid. The pool also responded to 
BMP-2 with an increase in bone gla protein expression 
(Rosen et al.. 1991). After treatment with BMP-2, the 
pool of immortal limb bud cells formed nodules which 
could be stained with Alcian blue, a stain specific for 
cartilage extracellular matrix proteins. Therefore 
these cells were capable of forming cartilage nodules, a 
process that was significantly increased by the addition 
of BMP-2. In micromass cultures densely staining car- 
tilage nodules could also be observed with the addition 
of BMP-2. Both the number of Alcian blue staining 
nodules and the incorporation of radiolabeled sulfate 
into proteoglycans can be used to quantitate the chon- 
drogenic response to BMP-2. Using these methods, 
there is both a dose and time dependent increase in 
expression of the chondrogenic phenotvpes in response 
to BMP-2. 

We have also derived individual clones from this pool 
of cells and they display a variety of phenotvpes. For 
example, clone number 5 responded to BMP-2 with at 
least a 10-fold increase in alkaline phosphatase but 
showed no response to TGF-beta-1. This clone also re- 
sponded with an increase in cAMP when treated with 
PTH. Thus, one can derive cells from embryonic mouse 
limb buds at times as early as 13 days of development 
that express markers of the osteoblast lineage. 

To summarize what we know about the activities of 
rhBMP-2 in cultured cells: it increases expression of 
markers of the osteoblast phenotype in the MC3T3E1 
and the C26 cell lines. The C20 cells, which represent 
more differentiated osteoblasts, show no increase in al- 
kaline phosphatase but some increase in 



chondnum. periosteum, arid in odontoblasts. We have lated cAMP production. From these results it seems 

never seen BMP-3 in developing limbs or the skeletal that the cells which are more responsive to the BMPs 

system until very late in development when it appears are the earlier osteoprogenitor cells rather than the 

in the periosteum. We also know that BMP-6 ( Vgr-1 1 is more differentiated osteoblasts. The activity of BMP-2 

not seen early in the developing limb but is seen later in on W-20 cells derived from the bone marrow stromal 

the hypertrophic cartilage. Thus. BMP-6 may have a environment is to increase alkaline phosphatase, PTH- 
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stimulated cAMP production, and osteocalcin synthesis 
but not to increase proliferation. In the embryonic 
10T1/2 cell line it has been reported that alkaline phos- 
phatase and the PTH response increases after BMP 
treatment. Finally, the BMPs increase several parame- 
ters and characteristics of the chondrogemc lineage . in 
the immortal embryonic limb bud cells. 

In summary. BMP-2 activates cells that participate 
in bone repair. This has been demonstrated m vivo in a 
varietv of species, as well as in cultured cells from both 
the osteoblastic and chondrobiastic lineages^ In adult 
animals, rhBMP-2 is capable of inducing the formation 
of new bone, and thus can successfully treat large bony 
defects The BMPs can also increase the differentiated 
state of primary embryonic cells, indicating that the 
BMPs are involved in the development of cartilage and 
bone during embryogenesis. 
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QUESTIONS AND ANSWERS 

Q: Can the bone matrix that you use be substituted by 
a synthetic polymer? 

A: That's a good question. Essentially all the studies 
that I discussed have been repeated using a defined 
collagenous or a synthetic matrix and BMP-2 works 
perfectly well with these matrices. 

Q: Have you observed any effect of TGF-beta>l or 
TGF-beta-2 in vivo? 
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ABSTRACT We purified a factor that induces bone for- 
mation >3C0,0G0-fokB from guanidiniunn chloride extracts of 
demineralized bone. Fifty nanograms of highly purified protein 
was active in an in vivo cartilage and bone-formation assay. The 
activity resided fin a single gel band, corresponding to a 
molecular mass of «30 SdDa, which yielded proteins of 30, 18, 
and 16 EdDa on reduction. The partial amino acid sequence 
obtained from these proteins confirmed our identification of 
specific factors that induce new bone formation in vivo. 



Bone is a complex tissue that undergoes constant remodeling 
in response to changing physical demands. The signals that 
control resorption and formation, whether from humoral or 
localized growth and differentiation factors, extracellular 
matrix, or other presently unknown controls, require much 
further study. One approach to studying bone development is 
use of in vivo ectopic bone formation— the best characterized 
model of which is induction by demineralized bone implanted 
intramuscularly or subcutaneously. During this sequence of 
events (/) mesenchymal cells are seen to migrate into the 
implant, proliferate after several days, and condense in 
regions. («) Chondroblasts, believed to be derived from the 
early-appearing mesenchymal ceils, form a cartilaginous 
template in the area of presumptive bone. (Hi) At 10-14 days, 
the cartilage hypertrophies, and the cartilage extracellular 
matrix is vascularized by hematopoietic and endothelial cells, 
(iv) The cartilage is gradually removed and replaced by bone, 
and at the end of 21 days an ossicle of bone, complete with 
marrow, has been formed. This response is localized to the 
implant itself. The morphological but not temporal develop- 
mental sequence is the same as seen in embryonic endoch- 
ondral bone formation and adult fracture repair (1-3). 

This induction of the natural sequence of bone formation 
immediately suggested potential application for human ther- 
apeutics and for developmental studies. Thus began the 
search for a factor, or factors, named bone morphogenetic 
protein (BMP) by Urist (1), that could induce bone formation. 
BMP was characterized as an activity tightly bound to the 
matrix of demineralized bone and extractable by denaturing 
solvents (4). Implantation of protein itself was sufficient to 
induce bone, but reconstitution of the factor with a collagen- 
ous matrix (5, 6) or synthetic matrices (7, 8) enhanced 
sensitivity of the assay. Although purification and character- 
ization have been hampered by the cumbersome in vivo 
assay, numerous reports have described osteoinductive fac- 
tors (8-10). Additionally, many other growth factors, namely 
fibroblastic growth factor, platelet-derived growth factor, 
transforming growth factors 01 and 02, insulin-like growth 
factors I and II, and bone-derived growth factor, have been 
implicated in bone development by their presence in bone 
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and their effect on cartilage and bone cells in vitro, although 
no direct osteoinductive role has yet been identified in vivo 
(for reviews, see refs. 11 and 12). We used the rat ectopic 
bone formation assay to further analyze BMP activity from 
bovine bone. We report here the purification of a discrete 
BMP, as distinguished by physical characteristics and ex- 
tremely high specific activity. 

MATERIALS AND METHODS 

Materials. Ground bovine bone (20-120 mesh) was obtained 
from American Biomaterials (Plainsboro, N.J.) and N- 
Glycanase was obtained from Genzyme. DE-52 cellulose and 
CM-cellulose were obtained from Whatman; the hydroxyap- 
atite was purchased from LKB ; all other resins were obtained 
from Pharmacia. All chemicals were reagent grade except for 
the urea and guanidinium chloride, which were ultrapure. 

Methods. Biological assay. The ectopic bone formation 
assay was done as described (5) with the following modifi- 
cations. The protein to be assayed was equilibrated in a 
volatile solvent, generally 0.1% trifluoroacetic acid 
(CF3COOH), and then mixed with 20 mg of demineralized, 
guanidinium chloride-extracted rat bone matrix. The material 
was frozen and lyophilized, and the powder was enclosed in 
no. 5 gelatin capsules. The capsules were implanted subcu- 
taneously in the abdominal thoracic area of 21- to 49-day male 
Long-Evans rats and routinely removed at 7 days. Samples 
were processed for histological analysis, with l-/tm glycol- 
methacrylate sections stained with Von Kossa and acid 
fuschin or toluidine blue. Sections from implants were scored 
on a scale of 0-5 for the presence of new cartilage and bone. 
A cartilage score (c) of 5 indicates that >50% of the section 
was cartilage, a score of 4 indicates 40-50% cartilage, and a 
score of 3 indicates 30-40%, etc. A +/- indicates <5% 
cartilage, and the score by itself is not considered significant. 
(Scoring of illustrative samples is shown in Fig. 1.) 

Purification. The initial extraction steps have been de- 
scribed (13, 14), the purification scheme is summarized in 
Table 1, and buffer conditions are detailed here. The dialyzed 
guanidinium chloride extract from 20 kg of bone was passed 
over a 3-liter DE-52 column equilibrated in 50 mM Tris/0.1 
M NaCI/6 M urea, pH 7.2. The unbound fraction was then 
adsorbed to a 2-liter CM-cellulose column in 50 mM NaAc/50 
mM NaCl/6 M urea, pH 4.6. After extensive washing, the 
activity was removed by elutibn with 50 mM NaAc/0.25 M 
NaCI/6 M urea, pH 4.6. This fraction was applied to a 500-ml 
hydroxy apatite column in 80 mM potassium phosphate/6 M 
urea, pH 6.0, and dissociated from the column in 100 mM 
potassium phosphate/6 M urea, pH 7.4. The active material 
was absorbed to a 100-ml heparin-Sepharose column in 50 
mM potassium phosphate/0.15 M NaCI/6 M urea, pH 7.4, 



Abbreviation: BMP, bone morphogenetic protein. 
*To whom reprint requests should be addressed. 



9484 



Biochemistry: Wang et ai 



Proc. Natl Acad, ScL USA 85 (1988) 9485 




Fig. 1. Cartilage and bone induced by BMP. m, Matrix particles, c, new cartilage, and b, new bone. {A) About 10 units of lOOO-fold-purified 
BMP was reconstituted as described; histological scoring of this implant was cartilage (C) +2, bone (B) +3. (See text.) (x65.) (B) Activity induced 
by 3 units of lOOO-fold-purified BMP; histological scoring of C+3, B+/-. (xfc5.) (C) Activity induced by 0.2 MB of reverse-phase-purified BMP 
(1.8 >ig of protein); scoring of C+4. (X130.) (D) Activity induced by 0.07 Mg of BMP as in C; scoring of C+2. (xl30.) (£) Activity induced by 0.02 
^g of BMP as in C; scoring of C+l. (x65.) (F) Implantation of matrix alone subjected to the reconstitution procedure with0.1%CF 3 COOH. (x65.) 
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Table I. Summary of purification of BMP activity 



Fractionation step 


Protein, mg 


BMP, units 


1 Guanidinium chloride extract 


30,000 


ND 


2 DE-52 


13,000 


ND 


3 CM-celMose 


5,300 


660 


4 Hydroxyapatite 


530 


ND 


5 Heparin-Sepharose 


29 


ND 


6 Superosc 


7 


200 


7 Mono S 


~1 


150 


8 Reverse phase 


«0.02 


120 



ND, not determined. 



and desorbed with 50 mM potassium phpsphatc/0.7 M 
NaCl/6 M urea, pH 7.4. Gel filtration was performed on the 
heparin-Sepharose-bound protein on Superose 6 and 12 HR 
10/30 columns connected in series equilibrated in 4 M 
guanidinium chloride/20 mM Tris, pH 7.2. Active fractions 
had a relative migration corresponding to an approximate 
molecular mass of 30 kDa. Active material was then frac- 
tionated on a Mono S column (loading 25 mg of protein per 
ml of resin) in 50 mM NaoAc/6 M urea, pH 4.6, developed 
with a gradient from 0 M to 1.0 M NaCI. The active fractions 
were acidified to pH 3.0 with CF 3 COOH and applied to a 0.46 
x 25 cm Vydac C 4 column in 0.1% CF 3 COOH, and the 
column was developed with a gradient to 90% acetonitrile/ 
0.1% CF3COOH. 

Analytical methods. Protein wasiodinated by the chloram- 
ine-T method (15), and molecular mass and isoelectric point 
analysis were done in the Laemmli system (16) and a Triton 
X-100/urea system (17). For analysis of BMP activity from 
these gel systems, samples were heated to 37°C for 15 min in 
sample buffer. Protein was eluted from the crushed gel slices 
in 50 mM Tris/0.1% NaDodS0 4 , pH 7.8. The supernatant 
was acidified with 10% CF3COOH to pH 3 and desalted on 
a 0.46 x 5 cm Vydac C 4 column developed with a gradient of 
0.1% CF3COOH to 90% acetonitrile/0.1% CF3COOH. The 
fractions predicted to contain BMP (34-38% acetonitrile) 
were pooled, and appropriate amounts were assayed as 
described above. Protein was estimated by the method of 
Bradford (18) or by absorbance at 280 nm. 

Amino acid sequencing. Nonreduced BMP was resolved 
by preparative NaDodS0 4 /PAGE, reduced, and alkylated in 
situ by exposure to a combination of 2-mercaptoethanol and 
4-vinylpyridine vapors, and then fixed in methanol/acetic 
acid/water. The fixed gel slice was rinsed in water and 
neutralized by immersion in a small volume of 0.1 M 
ammonium bicarbonate solution; finally, the protein was 
digested from the gel with tosylphenylalanine chloromethyl 
ketone (TPCK)-treated trypsin (1% by weight). Individual 
tryptic fragments were isolated after fractionation on a Vydac 
C 4 column developed in 0.1% CF3COOH to 0.1% CF 3 - 
COOH/95% acetonitrile and sequenced on a model 470A 
gas-phase sequencer (Applied Biosystems). 

RESULTS 

Assay. We modified the in vivo bone formation assay (5) to 
increase its sensitivity, shorten its duration , and measure the 
activity. (1) Reconstitute n of soluble protein in volatile 
solvents with inactive bone matrix by lyophilization has 
proven to be the most reproducible and sensitive procedure 
for sample preparation — particularly when assaying very low 
amounts of protein. (//) We determined that the time course 
for the morphological development in these samples is 
accelerated compared with that previously described (2, 3, 
19), and we were able to remove implants after 7 days instead 
of the 12-21 days previously required (9, 10). The time-course 
studies also showed that cartilage formation at 7 days 
correlated with bone formation at 10-14 days, regardless of 
whether crude or the most highly purified protein was 
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implanted, (iff) We attempted to measure activity by using 
dose-response studies, where activity was seen within an 
«20-fold range. Each implant was histologically evaluated 
for the appearance of cartilage and bone, which was scored 
on a scale of 1-5, as illustrated in Fig. 1. One unit of activity 
is defined as the minimum amount of BMP required to 
produce cartilage formation of +2 at an ectopic site 7 days 
after implantation. Interestingly, we found that increasing 
dosages accelerate the rate of development in a limited 
manner, so that at 7 days, 1-2 units of BMP show moderate 
amount of cartilage (Fig. LB), whereas 5-10 units of the same 
material show bone as well as cartilage (Fig. L4). Note that 
the response is the same whether crude or highly purified 
bovine BMP had been implanted. 

Purification. To define a factor that induces the in vivo 
formation of cartilage and bone, we purified BMP from bovine 
bone, a readily available source. A typical purification starting 
from 10 kg of bone is summarized in Table 1. Subsequent 
batches of 10 kg were pooled at intermediate fractionation 
steps to improve final recovery. Fractionation of BMP re- 
vealed several interesting physical properties. Insolubility of 
the factor or other proteins that copurify with BMP required 
that all but the last fractionation step be done in the presence 
of 6 M urea or 4 M guanidinium chlpride; however, the activity 
was extremely stable even under these denaturing conditions. 
BMP activity binds to heparin-Sepharose, and its complete 
elution by 0.7 M NaCI shows heparin-binding affinity similar 
to that of platelet-derived growth factor and much lower than 
that exhibited by acidic or basic fibroblastic growth factor (20), 
although the inclusion of urea in the buffers may affect the 
affinity. BMP has an estimated molecular mass of 30 kDa as 
determined by gel filtration in guanidinium chloride (Fig. 2A). 
At the next step, Mono S fractionation, two widely separated 
peaks of BMP with similar activity were sometimes seen (Fig. 
IB). The physical basis of this heterogeneity was not deter- 
mined, and only the first peak, containing most of the units, 
was used for the next step. After the final chromatographic 
step of reverse-phase HPLC (Fig. 2C), the protein had a 
specific activity of 150 ng of protein per unit, and an overall 
purification of 300,000-fold relative to the starting guanidinium 
chloride extract was achieved. The yield of protein, estimated 
by absorbance at 280 nm, was «20 fig per 10 kg of bone; 
recovery of activity was generally 10-20% based on assay of 
material purified on CM-cellulose, which removed inhibitory 
or inflammatory material (5). 

The most highly purified BMP was analyzed by PAGE. A 
nonreducing NaDodS0 4 gel of radioiodonated active frac- 
tions from the C 4 column (Fig. 2C) is shown in Fig. 3A; the 
activity, which peaks in fraction 40, correlates' with the 
30-kDa protein. As described above, gel filtration experi- 
ments also indicated a molecular mass of «30 kDa, but the 
molecular mass of the activity in NaDodS0 4 /PAGE was 
needed to confirm the 30-kDa species as the active protein. 
About 3 jxg of protein from the final purification step of a 
similar BMP preparation was separated on a 15% NaDodS0 4 
gel, and activity in gel slices was determined as described. As 
shown in Fig. 35, the activity corresponded to the protein 
species at 30 kDa, and no activity was seen in any other 
portion of the gel. Because the 30-kDa protein was approx- 
imately one-third of the total protein as determined by silver 
stain (Fig. 3£), the estimate for one unit of BMP activity was 
revised to *«$0 ng. In a similar experiment, the isoelectric 
point of BMP was determined to be «*8.8 in a urea/Triton 
X-100 electrbphoretic : system (data not shown). 

When the 30-kDa gel -purified BMP was reduced, compo- 
nents of 30, 18, and 16 kDa were seen in N aDodS0 4 /P AGE 
analysis (Fig. 4). Based on the radioiodinated material, all 
three peptides appear equal in quantity. However, because 
tyrosine content is not known, no conclusions on stoichiom- 
etry or on subunit composition can be drawn. More impor- 
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Fig. 2. Chromatography profiles of the last three steps in BMP 
purification. (A) Gel filtration of BMP on Superose 6 and 12 columns 
connected in series. Elution of Bio- Rad gel filtration markers is shown. 
BMP emerges at a position corresponding to »29 kDa. (B) Fraction of 
BMP on the Mono S column; two peaks of activity are seen. Only the 
earlier eluting BMP is subsequently purified. (C) Fractionation of 
BMP on a C« reverse-phase column. Buffer A is 0.1% CF3COOH, and 
buffer B is 0.1% CF 3 COOH/90% acetonitrile. Iodination of alkjuots 
from this step is shown in Fig. 3. 
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Fic. 3. Molecular mass analysis of BMP. (A) NaDodS0 4 /PAGE 
analysis of 123 I-labeled fractions from the C 4 column fractionation 
shown in Fig. 2C. Fraction number is at top, and activity from 50-/aI 
assays is indicated at bottom. (£) Molecular mass determination of 
BMP. Active reverse-phase purified protein was analyzed on a 15% 
gel. Gel slices to be analyzed were removed and the gel was silver 
stained. Lanes: b, 0.1 jig of BMP; c, 3.0 m8 of BMP; and a, molecular 
mass markers in kDa. Gel slices were removed as noted* and activity 
was determined. 

tantly, this analysis indicates that BMP activity might reside 
in one or more of these peptides. 

All BMPs appear to be glycosylated: digestion of compo- 
nents of the 30-kDa BMP gel band with N-Glycanase reduced 
the observed molecular mass of each component by 3, 2.5, and 
2.5 kDa, respectively (Fig. 4). About half of the highly purified 
BMP activity bound to a Con A-Sepharose column with Triton 
X-100 and without urea and was removed from the column 
with a-methyl-D-mannoside (data not shown). These results 
are consistent with the presence of an a-mannose containing 
asparagine-linked complex carbohydrate on BMP. 

Although the reduced individual peptides of the 30-kDa 
BMP are easily resolved on NaDodS0 4 /PAGE, treatment Of 
BMP with reducing agents results in loss of activity (21, data 
not shown); thus the active component could not be directly 
analyzed from a reducing NaDodSO* gel. We attempted to 
further identify the active BMP species by trying to separate 
the components of the nonreduced 30-kDa material by 

a b c d e f g 
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Fig. 4. Subunit composition of BMP- The 30-kDa 125 I-labeled 
BMP was purified from a 15% NaDodS0 4 gel and analyzed. Lanes: 
a, BMP, reduced and alkylated. Components are seen at 30, 18, and 
16 kDa, respectively; b, 30-kDa component, reduced and alkylated; 
c, same 30-kDa component digested with 0.02 unit of N-Glycanase 
(Genzyme); d, 18-kDa component, reduced and alkylated; e, same 
lS-kDa component digested with 0.02 unit of N-Glycanase; f, 16-kDa 
component, reduced and alkylated; and g, same 16-kDa component 
digested with 0.02 unit of N-Glycanase. 




9488 Biochemistry: Wang et al. 

Table 2; Sequence of tryptic fragments from BMP 



Fragments Sequence 



BMP mix 

1 AAFLGDI ALDEEDLG 

2 AFQVQQAADL 

3 NYQDMVVEG 

4 FDAYY 

5 LKPSN? ATIQSI VE 
16-kDa protein 

6 SLKPSNH ATIQS7V 

7 SFDAYYCSGA 

8 VYPNMTVESCA 

9 VDFADI7W 



One-letter amino acid code is used. 

various methods but were unable to do so without significant 
loss of protein or activity. Because of the enormous effort 
required to obtain pure protein and the great complexities 
involved in characterizing individual proteins, we decided to 
use amino acid sequence information to obtain cDN A clones 
for each protein and then characterize each protein on the 
recombinant level. To ensure the optimum amount of amino 
acid sequence, the 30-kDa nonreduced-BMP gel band was 
digested with trypsin, and the tryptic peptides were separated 
by reverse-phase chromatography. The sequences obtained 
from individual peptides are shown in Table 2. Additional 
sequence was obtained from another batch of material that 
was substantially enriched in the 16-kDa protein and is also 
included in Table 2. 

DISCUSSION 

Using a highly specific and sensitive bone-formation assay, 
we purified a BMP from guanidine extracts of demineralized 
bone >300,GG0-fold. As little as 50 ng of the factor can induce 
the formation of cartilage, although the effective amount of 
BMP delivered to the site is not known. The activity has been 
characterized as a basic protein of nonreduced molecular 
mass of «30 kDa, as determined by elution from gels. 
Gel-purified BMP is composed of three proteins of molecular 
mass 30, 18, and 16 kDa; because all attempts to separate the 
components resulted in inactivation, the exact identity of the 
active material was not determined. The requirements for 
bone induction in this system may be as simple as the 30-kDa 
protein alone or as complex as the 30-kDa protein in com- 
bination with an 18- and 16-kDa heterodimer. 

The high specific activity and the physical properties 
suggest that the BMP we isolated is a growth factor composed 
of unusual proteins. Despite differences that might be ex- 
pected because of the matrix used in the in vivo assay system, 
the specific activity of this BMP is at least an order of 
magnitude greater than those activities previously reported. 
The molecular mass and isoelectric point are also distinct 
from other described osteogenic factors, the osteogenin 
described by Reddi and colleagues (10) was a protein of 22 
kDa, whereas the BMP of Urist et al. (9) was an acidic protein 
of 18.5 kDa; both proteins were derived from bovine bone, 
and they had in vivo activity at 5 jig and 1-5 mg, respectively. 
Takaoka et al. (8) have characterized a 22-kDa bone- 
inductive factor isolated from a murine osteosarcoma with an 
unknown specific activity. In addition, a survey of physical 
properties of other growth factors indicates similarity of BMP 
only to platelet-derived growth factor; both are basic 30-kDa 
proteins composed of two disulfide-linked subunits (22). Our 
experiments with human or porcine platelet-derived growth 
factor confirm the lack of in vivo cartilage-forming activity 
previously described (10). Also, none of the tryptic peptides 
isolated from BMP showed any identity to amino acid 



Proc. Natl. Acad. Sci. USA 85 (1988) 

sequence in the National Biomedical Research Foundation 
data base. 

Because of these results, we were convinced that the 
criteria of purity, potency, and specificity for another growth 
factor had been fulfilled by our 30-kDa protein. Because the 
amount of BMP is so limited, we used sequence information 
obtained from a mixture of the three proteins to clone the 
respective genes for further characterization of the individual 
activities of recombinant factors. Human cDNAs for each of 
these three proteins have been shown to encode rare proteins 
(J.M.W., V.R., A. J. Celeste, L. M. Mitsock, M. J. Whit- 
ters, R. W. Kriz, R.M.H. and E»A.W., unpublished work). 
Interestingly, the genes for the 18- and 16-kDa proteins are 
related, both being members of the inhibin/transforming 
growth factor type 0 gene family. More importantly, the 
recombinant proteins are individually active in cartilage 
induction, and each of the three factors presumably contrib- 
utes to the complex process of bone formation. 

Examination of BMP activity has been so far restricted to 
the bone-induction system, and the effect of BMP has been 
studied only in the very localized space of the implant, 
whether consisting of protein alone or protein in combination 
with a matrix. It will be very interesting to discover other in 
vitro and in vivo activities and specificities for these factors, 
and these results should help elucidate the regulation of 
cartilage and bone growth and differentiation. 

We thank J. D'Alessandro, D. McQuaid, C. Senat, R. Palmer, B. 
Fendrock, R. Kay, and M. Ryan for their assistance and M. Byrne, 
S. Clark, and E. Fritsch for helpful comments on this manuscript. 
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PRIOR HISTORY: [**1] Appealed from: United States 
Patent and Trademark Office Board of Patent Appeals and 
Interferences. (Interference No. 103,887) 

CASE SUMMARY: 

PROCEDURAL POSTURE: Both parties to a patent 
interference proceeding between United States Patent No. 
6,407,221 ('221 patent) and patent application Serial No. 
08/084,994 ('994 application) appealed the decision of the 
Board of Patent Appeals and Interferences of the United 
States Patent and Trademark Office that the specification 
of neither party met the written description requirement of 
the patent statute, dissolving the interference and 
cancelling the claims. 

OVERVIEW: The patent and application were directed to 
the production of chimeric genes designed to enhance 
immune responses. The Board held that neither party's 
specification provided the requisite description of the lull 
scope of the chimeric DNA or encoded proteins. The 
Board Director argued that it could not be known whether 
all of the permutations and combinations covered by the 
claims would be effective for the intended purpose, and 
that the claims were too broad because they might include 
inoperative species. Both parties presented specific 
examples of the production of specified chimeric genes. 
The court held it was not necessary that every permutation 
within a generally operable invention be effective in order 
for an inventor to obtain a generic claim, provided that the 
effect is sufficiently demonstrated to characterize a 
generic invention. The court held that the Board erred in 
ruling that 35 U.S.C.S. § 112 imposed a per se rule 
requiring recitation in the specification of the nucleotide 
sequence of claimed DNA, when that sequence was 
already known in the field. 

OUTCOME: The Board's decision was vacated and the 
case remanded to the Board for further proceedings. 



sequence, patent, written description, encode, encoding, 
extracellular, nucleotide, receptor, comprising, inventor, 
single-chain, cytoplasmic, disclosure, immune system, 
endogenous, membrane, ligand, specificity, generic, 
novel 

LexisNexis(R) Headnotes 

Administrative Law: Judicial Review: Standards of 
Review: Arbitrary & Capricious Review 
[HN1] In accordance with the Administrative Procedure 
Act, the law as interpreted and applied by an agency 
receives plenary review on appeal, and the agency's 
factual findings are reviewed to determine whether they 
were arbitrary, capricious, or unsupported by substantial 
evidence in the administrative record. 

Patent Law: Claims & Specifications: Definiteness: 
Precision Standards 

[HN2] The required content of a patent specification is set 
forth in 35 U.S.C.S. § 1 12. The specification shall contain 
a written description of the invention, and of the manner 
and process of making and using it, in such full, clear, 
concise, and exact terms as to enable any person skilled in 
the art to which it pertains, or with which it is most nearly 
connected, to make and use the same, and shall set forth 
the best mode contemplated by the inventor of carrying 
out his invention. 

Patent Law: Claims & Specifications: Definiteness: 
Precision Standards 

[HN3] The "written description" requirement of 35 
U.S.C.S. § 112 implements the principle that a patent 
must describe the technology that is sought to be patented; 
the requirement serves both to satisfy the inventor's 
obligation to disclose the technologic knowledge upon 
which the patent is based, and to demonstrate that the 
patentee was in possession of the invention that is 
claimed. 



CORE TERMS: gene, chimeric, protein, cell, segment, Patent Law: Claims & Specifications: Description 
domain, invention, chain, specification, antibody, Requirement: General Overview 



[HN4] It is well recognized that in the "unpredictable" 
fields of science, it is appropriate to recognize the 
variability in the science in determining the scope of the 
coverage to which an inventor is entitled. Such a decision 
usually focuses on the exemplification in the 
specification. 

Patent Law: Claims & Specifications: Description 
Requirement: Proof 

[HN5] The determination of what is needed to support 
generic patent claims to biological subject matter depends 
on a variety of factors, such as the existing knowledge in 
the particular field, the extent and content of the prior art, 
the maturity of the science or technology, the 
predictability of the aspect at issue, and other 
considerations appropriate to the subject matter. 

Patent Law: Claims & Specifications: Description 
Requirement: Proof 

[HN6] It is not necessary that every permutation within a 
generally operable invention be effective in order for an 
inventor to obtain a generic claim, provided that the effect 
is sufficiently demonstrated to characterize a generic 
invention. 

Patent Law: Claims & Specifications: Description 
Requirement: Written Description Versus Enablement 
[HN7] Although the legal criteria of enablement and 
written description are related and are often met by the 
same disclosure, they serve discrete legal requirements. 

Patent Law: Claims & Specifications: Description 
Requirement: Proof 

[HN8] The predictability or unpredictability of the 
science is relevant to deciding how much experimental 
support is required to adequately describe the scope of an 
invention. 
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Roger L. Browdy, Browdy and Neimark, P.L.L.C., of 
Washington, DC, argued for cross-appellants. 
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John M. Whealan, Solicitor and Stephen Walsh, Associate 
Solicitor. 

JUDGES: Before NEWMAN, MAYER, * and 
GAJARSA, Circuit Judges. 



* Haldane Robert Mayer vacated the position of Chief 
Judge on December 24, 2004. 



OPINIONBY: NEWMAN 
OPINION: 

[*1350] NEWMAN, Circuit Judge. 

Both of the parties to a patent interference proceeding 
have appealed the decision of the Board of Patent Appeals 
and Interferences of the United States Patent and 
Trademark Office, wherein the Board held that the 
specification of neither party met the written description 
requirement of the patent statute. Capon v. Eshhar, Interf. 
No. 103,887 (Bd. Pat. App. & Interf. Mar. 26, 2003). The 
Board dissolved the interference and cancelled all[**2] of 
the claims of both parties corresponding to the 
interference count. With this ruling, the Board terminated 
the proceeding and did not reach the question of priority 
of invention. We conclude that the Board erred in its 
application of the law of written description. The decision 
is vacated and the case is remanded to the Board for 
further proceedings. 

BACKGROUND 

Daniel J. Capon, Arthur Weiss, Brian A. Irving, Margo 
R. Roberts, and Krisztina Zsebo (collectively "Capon") 
and Zelig Eshhar, Daniel Schindler, Tova Waks, and 
[*1351] Gideon Gross (collectively "Eshhar") were the 
parties to an interference proceeding between Capon's 
United States Patent No. 6,407,221 ("the '22 J patent") 
entitled "Chimeric Chains for Receptor- Associated Signal 
Transduction Pathways" and Eshhar's patent application 
Serial No. 08/084,994 ("the '994 application") entitled 
"Chimeric Receptor Genes and Cells Transformed 
Therewith." Capon's Patent No. 5,359,046 ("the '046 
patent"), parent of the '221 patent , was also included in 
the interference but was held expired for non-payment of 
a maintenance fee. The PTO included the '046 patent in its 
decision and in its argument of this appeal, nl 

Footnotes 



nl Although Capon is designated as appellant and 
Eshhar as cross-appellant, both appealed the Board's 
decision. See Fed. R. App. P. 28(h). The Director of 
the PTO intervened to support the Board, and has fully 
participated in this appeal. 



End Footnotes 



[**3] 

A patent interference is an administrative proceeding 
pursuant to 35 U.S.C §§ 102(g) and 135(a), conducted for 
the purpose of determining which of competing applicants 
is the first inventor of common subject matter. An 
interference is instituted after the separate patent 
applications have been examined and found to contain 
patentable subject matter. Capon's patents had been 
examined and had issued before this interference was 
instituted, and Eshhar's application had been examined 
and allowed but a patent had not yet issued. 

During an interference proceeding the Board is 
authorized to determine not only priority of invention but 
also to redetermine patentability. 35 U.S.C. § 6(b). The 
question of patentability of the claims of both parties was 
raised sua sponte by an administrative patent judge during 
the preliminary proceedings. Thereafter the Board 
conducted an inter partes proceeding limited to this 
question, receiving evidence and argument. The Board 
then invalidated all of the claims that had been designated 
as corresponding to the count of the interference, viz., all 
of the claims of the Capon '221 patent, claims 5-8 of 
[**4]the Capon '046 patent, and claims 1-7, 9-20; and 23 
of the Eshhar '994 application. 

[HN1] In accordance with the Administrative 
Procedure Act, the law as interpreted and applied by the 
agency receives plenary review on appeal, and the 
agency's factual findings are reviewed to determine 
whether they were arbitrary, capricious, or unsupported 
by substantial evidence in the administrative record. See 5 
U.S.C § 706(2); Dickinson v. Zurko, 527 U.S. 150, 
164-65, 144 L. Ed. 2d 143, 119 S Ct. 1816 (1999); In re 
Gartside, 203 F.3d 1305, 1315 (Fed. Cir. 2000). 

The Invention 

A chimeric gene is an artificial gene that combines 
segments of DNA in a way that does not occur in nature. 
The '221 patent and '994 application are directed to the 
production of chimeric genes designed to enhance the 
immune response by providing cells with specific 
cell-surface antibodies in a form that can penetrate 
diseased sites, such as solid tumors, that were not 
previously reachable. The parties explain that their 
invention is a way of endowing immune cells with 
antibody-type specificity, by combining known 
antigen-binding-domain producing DNA and known 
lymphocyte-receptor-protein[**5] producing DNA into a 
unitary gene that can express a unitary polypeptide chain. 



Eshhar summarized the problem to which the invention is 
directed: 

Antigen-specific effector lymphocytes, such as 
tumor-specific T cells, are very rare, individual-specific, 
limited in their recognition spectrum and difficult to 
obtain against most malignancies. Antibodies, on the 
other hand, are readily [*1352] obtainable, more easily 
derived, have wider spectrum and are not 
individual-specific. The major problem of applying 
specific antibodies for cancer immunotherapy lies in the 
inability of sufficient amounts of monoclonal antibodies 
(mAb) to reach large areas within solid tumors. 

Technical Paper Explaining Eshhar's Invention, at 6. 

The inventions of Capon and Eshhar are the chimeric 
DNA that encodes single-chain chimeric proteins for 
expression on the surface of cells of the immune system, 
plus expression vectors and cells transformed by the 
chimeric DNA. The experts for both parties explain that 
the invention combines selected DNA segments that are 
both endogenous and nonendogenous to a cell of the 
immune system, whereby the nonendogenous segment 
encodes the single-chain variable ("scFv") [**6] domain 
of an antibody, and the endogenous segment encodes 
cytoplasmic, transmembrane, and extracellular domains 
of a lymphocyte signaling protein. They explain that the 
scFv domain combines the heavy and light variable ("Fv") 
domains of a natural antibody, and thus has the same 
specificity as a natural antibody. Linking this single chain 
domain to a lymphocyte signaling protein creates a 
chimeric scFv-receptor ("scFvR") gene which, upon 
transfection into a cell of the immune system, combines 
the specificity of an antibody with the tissue penetration, 
cytokine production, and target-cell destruction capability 
of a lymphocyte. 

The parties point to the therapeutic potential if tumors 
can be infiltrated with specifically designed immune cells 
of appropriate anti-tumor specificity. 

The Eshhar Claims 

The Board held unpatentable the following claims of 
Eshhar's '994 application; these were all of the '994 claims 
that had been designated as corresponding to the count of 
the interference. Eshhar's claim 1 was the designated 
count. 

1. A chimeric gene comprising 

a first gene segment encoding a single-chain Fv domain 
(scFv) of a specific antibody and 



a second gene segment[**7] encoding partially or 
entirely the transmembrane and cytoplasmic, and 
optionally the extracellular, domains of an endogenous 
protein 

wherein said endogenous protein is expressed on the 
surface of cells of the immune system and triggers 
activation and/or proliferation of said cells, 

which chimeric gene, upon transfection to said cells of 
the immune system, expresses said scFv domain and said 
domains of said endogenous protein in one single chain 
on the surface of the transfected cells such that the 
transfected cells are triggered to activate and/or 
proliferate and have MHC nonrestricted antibody-type 
specificity when said expressed scFV domain binds to its 
antigen. 

2. A chimeric gene according to claim 1 wherein the 
second gene segment further comprises partially or 
entirely the extracellular domain of said endogenous 
protein. 

3. A chimeric gene according to claim 1 wherein the first 
gene segment encodes the scFv domain of an antibody 
against tumor cells. 

4. A chimeric gene according to claim 1 wherein the first 
gene segment encodes the scFv domain of an antibody 
against virus infected cells. 

5. A chimeric gene according to claim 4 wherein the virus 
is HIV. 

6. [**8] A chimeric gene according to claim 1 wherein the 
second gene segment encodes a lymphocyte receptor 
chain. 

[*1353] 7. A chimeric gene according to claim 6 wherein 
the second gene segment encodes a chain of the T cell 
receptor. 

9. A chimeric gene according to claim 7 wherein the 
second gene segment encodes the a, B, y, or o chain of the 
antigen-specific T cell receptor. 

10. A chimeric gene according to claim 1 wherein the 
second gene segment encodes a polypeptide of the 
TCR/CD3 complex. 

11. A chimeric gene according to claim 10 wherein the 
second gene segment encodes the zeta or eta isoform 
chain. 



12. A chimeric gene according to claim 1 wherein the 
second gene segment encodes a subunit of the Fc receptor 
or IL-2 receptor. 

13. A chimeric gene according to claim 12 wherein the 
second gene segment encodes a common subunit of IgE 
and IgG binding Fc receptors. 

14. A chimeric gene according to claim 13 wherein said 
subunit is the gamma subunit. 

15. A chimeric gene according to claim 13 wherein the 
second gene segment encodes the CD 16a chain of the 
FcyRIII or FcyRII. 

16. A chimeric gene according to claim 12 wherein the 
second gene segment encodes the a[**9] or B subunit of 
the IL-2 receptor. 

17. An expression vector comprising a chimeric gene 
according to claim 1 . 

18. A cell of the immune system endowed with antibody 
specificity transformed with an expression vector 
according to claim 17. 

19. A cell of the immune system endowed with antibody 
specificity comprising a chimeric gene according to claim 
1. 

20. A cell if the immune system according to claim 19 
selected from the group consisting of a natural killer cell, 
a lymphokine activated killer cell, a cytotoxic T cell, a 
helper T cell and a subtype thereof. 

23. A chimeric gene according to claim 1 wherein said 
endogenous protein is a lymphocyte receptor chain, a 
polypeptide of the TCR/CD3 complex, or a subunit of the 
Fc or IL-2 receptor. 

The Board did not discuss the claims separately, and 
held that the specification failed to satisfy the written 
description requirement as to all of these claims. 

The Capon Claims 

Claims 1-10, all of the claims of the '221 patent, were 
held unpatentable on written description grounds. Claims 
1-6 are directed to the chimeric DNA, claims 7, 8, and 10 
to the corresponding cell comprising the DNA, and claim 
9 to [**10]the chimeric protein: 



1 . A chimeric DNA encoding a membrane bound protein, 
said chimeric DNA comprising in reading frame: 



DNA encoding a signal sequence which directs said 
membrane bound protein to the surface membrane; 

DNA encoding a non-MHC restricted extracellular 
binding domain which is obtained from a single chain 
antibody that binds specifically to at least one ligand, 
wherein said at least one ligand is a protein on the surface 
of a cell or a viral protein; 

DNA encoding a transmembrane domain which is 
obtained from a protein selected from the group 
consisting of CD4, CD 8, immunoglobulin, the CD3 zeta 
chain, the CD3 gamma chain, the CD3 delta chain and the 
CD3 epsilon chain; and 

DNA encoding a cytoplasmic signal-transducing 
domain of a protein that activates an intracellular 
messenger system which is obtained from CD3 zeta, 

[*1354] wherein said extracellular domain and said 
cytoplasmic domain are not naturally joined together, and 
said cytoplasmic domain is not naturally joined to an 
extracellular ligand-binding domain, and when said 
chimeric DNA is expressed as a membrane bound protein 
in a host cell under conditions suitable for expression, said 
membrane bound protein[**l 1] initiates signaling in said 
host cell when said extracellular domain binds said at least 
one ligand. 

2. The DNA of claim 1, wherein said single-chain 
antibody recognizes an antigen selected from the group 
consisting of viral antigens and tumor cell associated 
antigens. 

3. The DNA of claim 2 wherein said single-chain 
antibody is specific for the HIV env glycoprotein. 

4. The DNA of claim 1, wherein said transmembrane 
domain is naturally joined to said cytoplasmic domain. 

5. An expression cassette comprising a transcriptional 
initiation region, the DNA of claim 1 under the 
transcriptional control of said transcriptional initiation 
region, and a transcriptional termination region. 

6. A retroviral RNA or DNA construct comprising the 
expression cassette of claim 5. 

7. A cell comprising the DNA of claim 1. 

8. The cell of claim 7, wherein said cell is a human cell. 

9; A chimeric protein comprising in the N-terminal to 
C-terminal direction: 



a non-MHC restricted extracellular binding domain 
which is obtained from a single chain antibody that binds 
specifically to at least one ligand, wherein said at least one 
ligand is a protein on the surface of a cell[**12] or a viral 
protein; 

a transmembrane domain which is obtained from a 
protein selected from the group consisting CD4, CD8, 
immunoglobulin, the CD3 zeta chain, the CD3 gamma 
chain, the CD3 delta chain and the CD3 epsilon chain; and 

a cytoplasmic signal-transducing domain of a protein 
that activates an intracellular messenger system which is 
obtained from CD3 zeta, 

wherein said extracellular domain and said cytoplasmic 
domain are not naturally joined together, and said 
cytoplasmic domain is not naturally joined to an 
extracellular ligand-binding domain, and when said 
chimeric protein is expressed as a membrane bound 
protein in a host cell under conditions suitable, for 
expression, said membrane bound protein initiates 
signaling in said host cell when said extracellular domain 
binds said at least one ligand. 

10. A mammalian cell comprising as a surface membrane 
protein, the protein of claim 9. 

In addition, claims 5, 6, 7, and 8 of Capon's % 046 patent 
were held unpatentable. These claims are directed to 
chimeric DNA sequences where the encoded extracellular 
domain is a single-chain antibody containing ligand 
binding activity. 

The Board Decision 

The Board presumed[**13] enablement by the 
specifications of the '221 patent and '994 application of 
the full scope of their claims, and based its decision solely 
on the ground of failure of written description. The Board 
held that neither party's specification provides the 
requisite description of the full scope of the chimeric 
DNA or encoded proteins, by reference to knowledge in 
the art of the "structure, formula, chemical name, or 
physical properties" of the DNA or the proteins. In the 
Board's words: 



[*1355] We are led by controlling precedent to 
understand that the full scope of novel chimeric DNA the 
parties claim is not described in their specifications under 
35 US.C § 112, first paragraph, by reference to 
contemporary and/or prior knowledge in the art of the 
structure, formula, chemical name, or physical properties 
of many protein domains, and/or DNA sequences which 



encode many protein domains, which comprise 
single-chain proteins and/or DNA constructs made in 
accordance with the plans, schemes, and examples thereof 
the parties disclose. 

Bd. op. at 4. As controlling precedent the Board cited 
Regents of the University of California v. Eli Lilly & Co., 
119 F3d 1559 (Fed. Cir. 1997);[** 14] Fiers v. Revel 984 
F.2d 1164 (Fed. Cir. 1993); Amgen, Inc. v. Chugai 
Pharmaceutical Co., 927 F2d 1200 (Fed. Cir. 1991); and 
Enzo Biochem, Inc. v. Gen-Probe, Inc., 296 F.3d J 316 
(Fed. Cir. 2002). The Board summarized its holding as 
follows: 

Here, both Eshhar and Capon claim novel genetic material 
described in terms of the functional characteristics of the 
protein it encodes. Their specifications do not satisfy the 
written description requirement because persons having 
ordinary skill in the art would not have been able to 
visualize and recognize the identity of the claimed genetic 
material without considering additional knowledge in the 
art, performing additional experimentation, and testing to 
confirm results. 

Bd. op. at 89. 

DISCUSSION 

Eshhar and Capon challenge both the Board's 
interpretation of precedent and the Board's ruling that 
their descriptions are inadequate. Both parties explain that 
their chimeric genes are produced by selecting and 
combining known heavy-and light-chain immune-related 
DNA segments, using known DNA-linking procedures. 
The specifications of both parties describe procedures for 
identifying[**15] and obtaining the desired 
immune-related DNA segments and linking them into the 
desired chimeric genes. Both parties point to their specific 
examples of chimeric DNA prepared using identified 
known procedures, along with citation to the scientific 
literature as to every step of the preparative method. 

The parties presented expert witnesses who placed the 
invention in the context of prior knowledge and explained 
how the descriptive text would be understood by persons 
of skill in the field of the invention. The witnesses 
explained that the principle of forming chimeric genes 
from selected segments of DNA was known, as well as 
their methods of identifying, selecting, and combining the 
desired segments of DNA. Dr. Eshhar presented an expert 
statement wherein he explained that the prior art contains 
extensive knowledge of the nucleotide structure of the 
various immune-related segments of DNA; he stated that 
over 785 mouse antibody DNA light chains and 1,327 
mouse antibody DNA heavy chains were known and 



published as early as 1991. Similarly Capon's expert Dr. 
Desiderio discussed the prior art, also citing scientific 
literature: 



The linker sequences disclosed in the '221 patent[**\6] 
(col. 24, lines 4 and 43) used to artificially join a heavy 
and light chain nucleic acid sequence and permit 
functional association of the two ligand binding regions 
were published by 1990, as were the methods for 
obtaining the mature sequences of the desired heavy and 
light chains for constructing a SAb (Exhibit 47, Batra et 
al., J., Biol. Chem., 1990; Exhibit 48, Bird et al., Science, 
1988; Exhibit 50, Huston et al., PNAS, [*1356] 1988; 
Exhibit 51, Chaudhary, PNAS, 1990, Exhibit 56, 
Morrison et al., Science, 1985; Exhibit 53, Sharon et al., 
Nature 1984). 

Desiderio declaration at 4 PI 1 . 

Both parties stated that persons experienced in this field 
would readily know the structure of a chimeric gene made 
of a first segment of DNA encoding the single-chain 
variable region of an antibody, and a second segment of 
DNA encoding an endogenous protein. They testified that 
re-analysis to confirm these structures would not be 
needed in order to know the DNA structure of the 
chimeric gene, and that the Board's requirement that the 
specification must reproduce the "structure, formula, 
chemical name, or physical properties" of these DNA 
combinations had been overtaken by the state of the 
science. [**17]They stated that where the structure and 
properties of the DNA components were known, 
reanalysis was not required. 

Eshhar's specification contains the nucleotide sequences 
of sixteen different receptor primers and four different 
scFv primers from which chimeric genes encoding scFvR 
may be obtained, while Capon's specification cites 
literature sources of such information. Eshhar's 
specification shows the production of chimeric genes 
encoding scFvR using primers, as listed in Eshhar's Table 
I. Capon stated that natural genes are isolated and joined 
using conventional methods, such as the polymerase chain 
reaction or cloning by primer repair. Capon, like Eshhar, 
discussed various known procedures for identifying, 
obtaining, and linking DNA segments, accompanied by 
experimental examples. The Board did not dispute that 
persons in this field of science could determine the 
structure or formula of the linked DNA from the known 
structure or formula of the components. 

The Board stated that "controlling precedent" required 
inclusion in the specification of the complete nucleotide 
sequence of "at least one" chimeric gene. Bd. op. at 4. The 
Board also objected that the claims were broader than 



[**18]the specific examples. Eshhar and Capon each 
responds by pointing to the scientific completeness and 
depth of their descriptive texts, as well as to their 
illustrative examples. The Board did not relate any of the 
claims, broad or narrow, to the examples, but invalidated 
all of the claims without analysis of their scope and the 
relation of claim scope to the details of the specifications. 

Eshhar and Capon both argue that they have set forth an 
invention whose scope is fully and fairly described, for 
the nucleotide sequences of the DNA in chimeric 
combination is readily understood to contain the 
nucleotide sequences of the DNA components. Eshhar 
points to the general and specific description in his 
specification of known immune-related DNA segments, 
including the examples of their linking. Capon points 
similarly to his description of selecting DNA segments 
that are known to express immune-related proteins, and 
stresses the existing knowledge of these segments and 
their nucleotide sequences, as well as the known 
procedures for selecting and combining DNA segments, 
as cited in the specification. 

Both parties argue that the Board misconstrued 
precedent, and that precedent does not establish[**19] a 
per se rule requiring nucleotide-by-nucleotide re-analysis 
when the structure of the component DNA segments is 
already known, or readily determined by known 
procedures. 

The Statutory Requirement 

[HN2] The required content of the patent specification 
is set forth in Section 112 of Title 35: 

§ 112 PI. The specification shall contain a written 
description of the invention, [*1357] and of the manner 
and process of making and using it, in such full, clear, 
concise, and exact terms as to enable any person skilled in 
the art to which it pertains, or with which it is most nearly 
connected, to make and use the same, and shall set forth 
the best mode contemplated by the inventor of carrying 
out his invention. 



[HN3] The "written description" requirement implements 
the principle that a patent must describe the technology 
that is sought to be patented; the requirement serves both 
to satisfy the inventor's obligation to disclose the 
technologic knowledge upon which the patent is based, 
and to demonstrate that the patentee was in possession of 
the invention that is claimed. See Enzo Biochem, 296 F.3d 
at 1 330 (the written description requirement "is the quid 
pro quo[**20] of the patent system; the public must 
receive meaningful disclosure in exchange for being 
excluded from practicing the invention for a limited 



period of time"); Reiffin v. Microsoft Corp., 214 F.3d 
1342, 1345-46 (Fed. Or. 2000) (the purpose of the 
written description requirement "is to ensure that the 
scope of the right to exclude ...does not overreach the 
scope of the inventor's contribution to the field of art as 
described in the patent specification"); In re Barker, 559 
F.2d 588, 592 n. 4 (CCPA 1977) (the goal of the written 
description requirement is "to clearly convey the 
information that an applicant has invented the subject 
matter which is claimed"). The written description 
requirement thus satisfies the policy premises of the law, 
whereby the inventor's technical/scientific advance is 
added to the body of knowledge, as consideration for the 
grant of patent exclusivity. 

The descriptive text needed to meet these requirements 
varies with the nature and scope of the invention at issue, 
and with the scientific and technologic knowledge already 
in existence. The law must be applied to each invention 
that enters the patent process, for each patented[**21] 
advance is novel in relation to the state of the science. 
Since the law is applied to each invention in view of the 
state of relevant knowledge, its application will vary with 
differences in the state of knowledge in the field and 
differences in the predictability of the science. 

For the chimeric genes of the Capon and Eshhar 
inventions, the law must take cognizance of the scientific 
facts. The Board erred in refusing to consider the state of 
the scientific knowledge, as explained by both parties, and 
in declining to consider the separate scope of each of the 
claims. None of the cases to which the Board attributes the 
requirement of total DNA re-analysis, i.e., Regents v. 
Lilly, Fiers v. Revel, Amgen, or Enzo Biochem, require a 
re-description of what was already known. In Lilly, 119 
F.3d at 1567, the cDNA for human insulin had never been 
characterized. Similarly in Fiers, 984 F.2d at 1171, much 
of the DNA sought to be claimed was of unknown 
structure, whereby this court viewed the breadth of the 
claims as embracing a "wish" or research "plan." In 
Amgen, 927 F.2d at 1206, the court explained that a novel 
gene was [**22]not adequately characterized by its 
biological function alone because such a description 
would represent a mere "wish to know the identity" of the 
novel material. In Enzo Biochem, 296 F.3d at 1326, this 
court reaffirmed that deposit of a physical sample may 
replace words when description is beyond present 
scientific capability. In Amgen Inc. v. Hoechst Marion 
Roussel, Inc., 314 F.3d 1313, 1332 (Fed. Cir. 2003) the 
court explained further that the written description 
requirement may be satisfied "if in the knowledge of the 
art the disclosed function is sufficiently correlated to a 
particular, known structure." These evolving principles 
were applied in Noelle [*1358] v. Lederman, 355 F.3d 
1343, 1349 (Fed. Cir. 2004), where the court affirmed that 
the human antibody there at issue was not adequately 



described by the structure and function of the mouse 
antigen; and in University of Rochester v. G.D. Searle & 
Co., 358 F3d 916, 925-26 (Fed. Cir. 2004), where the 
court affirmed that the description of the COX-2 enzyme 
did not serve to describe unknown compounds capable of 
selectively inhibiting the enzyme. 

The "written description" [**2 3] requirement must be 
applied in the context of the particular invention and the 
state of the knowledge. The Board's rule that the 
nucleotide sequences of the chimeric genes must be fully 
presented, although the nucleotide sequences of the 
component DNA are known, is an inappropriate 
generalization. When the prior art includes the nucleotide 
information, precedent does not set a per se rule that the 
information must be determined afresh. Both parties state 
that a person experienced in the field of this invention 
would know that these known DNA segments would 
retain their DNA sequences when linked by known 
methods. Both parties explain that their invention is not in 
discovering which DNA segments are related to the 
immune response, for that is in the prior art, but in the 
novel combination of the DNA segments to achieve a 
novel result. 

The "written description" requirement states that the 
patentee must describe the invention; it does not state that 
every invention must be described in the same way. As 
each field evolves, the balance also evolves between what 
is known and what is added by each inventive 
contribution. Both Eshhar and Capon explain that this 
invention does not concern[**24] the discovery of gene 
function or structure, as in Lilly. The chimeric genes here 
at issue are prepared from known DNA sequences of 
known function. The Board's requirement that these 
sequences must be analyzed and reported in the 
specification does not add descriptive substance. The 
Board erred in holding that the specifications do not meet 
the written description requirement because they do not 
reiterate the structure or formula or chemical name for the 
nucleotide sequences of the claimed chimeric genes. 

Claim Scope 

There remains the question of whether the 
specifications adequately support the breadth of all of the 
claims that are presented. The Director argues that it 
cannot be known whether all of the permutations and 
combinations covered by the claims will be effective for 
the intended purpose, and that the claims are too broad 
because they may include inoperative species. The 
inventors say that they have provided an adequate 
description and exemplificatibh of their invehtibri as 
would be understood by persons in the field of the 
invention. They state that biological properties typically 



vary, and that their specifications provide for evaluation 
of uie effectiveness[**25] of their chimeric combinations. 

[HN4] It is well recognized that in the "unpredictable" 
fields of science, it is appropriate to recognize the 
variability in the science in determining the scope of the 
coverage to which the inventor is entitled. Such a decision 
usually focuses on the exemplification in the specification. 
See, e.g., Enzo Biochem, 296 F.3d at 1327-28 (remanding 
for district court to determine "whether the disclosure 
provided by the three deposits in this case, coupled with 
the skill of the art, describes the genera of claims 1-3 and 
5"); Lilly, 119 F3d at 1569 (genus not described where "a 
representative number of cDNAs, defined by nucleotide 
sequence, falling within the scope of the genus" had not 
been provided); In re Gosteli, 872 F.2d 1008, 1012 (Fed. 
Cir. 1989) (two chemical compounds were insufficient 
[*1359] description of subgenus); In re Smith, 59 CCPA. 
1025, 458 F2d 1389, 1394-95 (CCPA 1972) (disclosure 
of genus and one species was not sufficient description of 
intermediate subgenus); In re Grimme, 47 CCP.A. 785, 
274 F2d 949, 952, 1960 Dec. Comm'r Pat 123 (CCPA 
1960) (disclosure of single example and[**26] statement 
of scope sufficient disclosure of subgenus). 

Precedent illustrates that [HNS] the determination of 
what is needed to support generic claims to biological 
subject matter depends on a variety of factors, such as the 
existing knowledge in the particular field, the extent and 
content of the prior art, the maturity of the science or 
technology, the predictability of the aspect at issue, and 
other considerations appropriate to the subject matter. See, 
e.g., In re Wallach, 378 F3d 1330, 1333-34 (Fed. Cir. 
2004) (an amino acid sequence supports "the entire genus 
of DNA sequences" that can encode the amino acid 
sequence because "the state of the art has developed" such 
that it is a routine matter to convert one to the other); 
University of Rochester, 358 F.3d at 925 (considering 
whether the patent disclosed the compounds necessary to 
practice the claimed method, given the state of 
technology); Singh v. Brake, 317 F3d 1334, 1343, 48 Fed. 
Appx. 766 (Fed. Cir. 2002) (affirming adequacy of 
disclosure by distmguishing precedent in which the 
selection of a particular species within the claimed genus 
had involved "highly unpredictable results"). 

[HN6] It[**27] is not necessary that every permutation 
within a generally operable invention be effective in order 
for an inventor to obtain a generic claim, provided that the 
effect is sufficiently demonstrated to characterize a 
generic invention. See In reAngstadt, 537 F. 2d 498, 504 
(CCPA 1976) ("The examples, both operative and 
ihbperati ve, are tfie bes^ 

we can conclude from the record"). While the Board is 
correct that a generic invention requires adequate support, 
the sufficiency of the support must be determined in the 



particular case. Both Eshhar and Capon present not only 
general teachings of how to select and recombine the 
DNA, but also specific examples of the production of 
specified chimeric genes. For example, Eshhar points out 
that in Example 1 of his specification the FcR . chain was 
used, which chain was amplified from a human cDNA 
clone, using the procedure of Kuster, H. et al., J. Biol. 
Chenx, 265:6448-6451 (1990), which is cited in the 
specification and reports the complete sequence of the 
FcRy chain. Eshhar's Example 1 also explains the source 
of the genes that provide the heavy and light chains of the 
single chain antibody, [**2 8] citing the PhD thesis of 
Gideon Gross, a co-inventor, which cites a reference 
providing the complete sequence of the Sp6 light chain 
gene used to construct the single-chain antibody. Eshhar 
states that the structure of the Sp6 heavy chain antibody 
was well known to those of skill in the art and readily 
accessible on the internet in a database as entry EMBL: 
MMSP6718. Example 5 at page 54 of the Eshhar 
specification cites Ravetch et al., J. Exp. Med., 
170:481-497 (1989) for the method of producing the 
CD 16 a DNA clone that was PCR amplified; this 
reference published the complete DNA sequence of the 
CD 1 6 a chain, as discussed in paragraph 43 of the Eshhar 
Declaration. Example 3 of the Eshhar specification uses 
the DNA of the monoclonal anti-HER2 antibody and 
states that the N29 hybridoma that produces this antibody 
was deposited with the Collection Nationale de Cultures 
de Microorganismes, Institut Pasteur, Paris, on August 19, 
1992, under Deposit No. CNCM 1-1262. It is incorrect to 
criticize the methods, examples, and referenced prior art 
of the Eshhar specification as but "a few PCR primers and 
probes," as does the Director's brief. 

[*1360] Capon's Example 3 provides a detailed 
description[**29] of the creation and expression of single 
chain antibody fused with T-cell receptor zeta chain, 
referring to published vectors and procedures. Capon, like 
Eshhar, describes gene segments and their ligation to form 
chimeric genes. Although Capon includes fewer specific 
examples in his specification than does Eshhar, both 
parties used standard systems of description and 
identification, as well as known procedures for selecting, 
isolating, and linking known DNA segments. Indeed, the 
Board's repeated observation that the full scope of all of 
the claims appears to be "enabled" cannot be reconciled 
with the Board's objection that only a "general plan" to 
combine unidentified DNA is presented. See In re Wands, 
858F.2d 731, 736-37 (Fed. Cir. 1988) (experimentation 
to practice invention must not be "undue" for invention to 
be considered enabled). 

The PTO points out that for biochemical processes 
relating to gene modification, protein expression, and 
immune response, success is not assured. However, 
generic inventions are not thereby invalid. Precedent 



distinguishes among generic inventions that are 
adequately supported, those that are merely a "wish" or 
"plan," the words of[**30] Fiers v. Revel, 984 F2d at 
1171, and those in between, as illustrated by Noelle v. 
Lederman, 355 F.3d at 1350; the facts of the specific case 
must be evaluated. The Board did not discuss the generic 
concept that both Capon and Eshhar described — the 
concept of selecting and combining a gene sequence 
encoding the variable domain of an antibody and a 
sequence encoding a lymphocyte activation protein, into a 
single DNA sequence which, upon expression, allows for 
immune responses that do not occur in nature. The record 
does not show this concept to be in the prior art, and 
includes experimental verification as well as potential 
variability in the concept. 

Whether the inventors demonstrated sufficient 
generality to support the scope of some or all of their 
claims, must be determined claim by claim. The Board did 
not discuss the evidence with respect to the generality of 
the invention and the significance of the specific 
examples, instead simply rejecting all the claims for lack 
of a complete chimeric DNA sequence. As we have 
discussed, that reasoning is inapt for this case. The 
Board's position that the patents at issue were merely an 
"invitation to[**31] experiment" did not distinguish 
among the parties' broad and narrow claims, and further 
concerns enablement more than written description. See 
Adang v. Fischhoff, 286 F 3d 1346, 1355 (Fed. Cir. 2002) 
(enablement involves assessment of whether one of skill 
in the art could make and use the invention without undue 
experimentation); In re Wright, 999 F. 2d 1557, 1561 (Fed. 
Cir. 1993) (same). [HN7] Although the legal criteria of 
enablement and written description are related and are 
often met by the same disclosure, they serve discrete legal 
requirements. 

[HN8] The predictability or unpredictability of the 
science is relevant to deciding how much experimental 
support is required to adequately describe the scope of an 
invention. Our predecessor court summarized in In re 
Storrs, 44 CCP.A. 981, 245 F2d 474, 478, 1957 Dec. 
Comm'r Pat 361 (CCPA 1957) that "it must be borne in 
mind that, while it is necessary that an applicant for a 
patent give to the public a complete and adequate 
disclosure in return for the patent grant, the certainty 
required of the disclosure is not greater than that which is 
reasonable, having due regard to the subject matter 
involved." This aspect may[**32] warrant exploration on 
remand. 

In summary, the Board erred in ruling that § 112 
imposes a per se rule requiring recitation in the 
specification of the nucleotide [* 1361] sequence of 
claimed DNA, when that sequence is already known in 
the field. However, the Board did not explore the support 



for each of the claims of both parties, in view of the 

specific examples and general teachings in the We remand for appropriate further proceedings, 
specifications and the known science, with application of 

precedent guiding review of the scope of claims. VACATED AND REMANDED 
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The family of bone morphogenetic proteins. Bone morphoge- 
neiic proteins (BMPs) are secreted signaling molecules belong- 
ing to the transforming growth factor-p (TGF-0) superfamily 
of growth factors. The first BMPs were originally identified by 
their ability to induce ectopic bone formation when implanted 
under the skin of rodents. In this ectopic overexpression assay, 
there was a recapitulation of all the events occurring during 
skeletogenesis. This latter aspect indicated that these molecules 
could play important roles during development. More than 30 
BMPs have been identified to date. The study of their expres- 
sion pattern as well as the analysis of spontaneously mutated or 
genetically depleted mice have demonstrated a much broader 
range of function. These activities are mainly localized at sites 
of epithelial-mesenchymal interactions, including but not re- 
stricted to the skeleton. This review presents our current knowl- 
edge about the functions of BMPs during skeleton develop- 
ment as well as in many other biologic processes. 

Secreted molecules are key regulators of develop- 
mental and regenerative processes, as they allow cells to 
communicate with each other and acquire their fate. In 
the last two decades, members of one subgroup of the 
transforming growth factor-P (TGF-p) superfamily of 
growth factors, termed generically as "bone morphoge- 
netic protein" (BMP), have been recognized as critical in 
controlling multiple organogenetic processes. Comprising 
an ever-growing number of identified homologues, the 
BMPs represents almost one third of the TGF-p super- 
familyi with more than 30 members already described 
(Fig. 1). Individually, the members of this subfamily of 
secreted molecules are termed either BMPs, osteogenic 
proteins (OPs), cartilage-derived morphogenetic pro- 
teins (CDMPs), or growth and differentiation factors 
(GDFs). They have been classified into several sub- 
groups according to their structural similarities (Fig. 1). 

As extensive studies of their functions are being per- 
formed, it becomes increasingly evident that the name 
GDFs would be more accurate to describe this subfamily 
than the historical term of BMPs. This name was pro- 
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posed by Urist et al in their pioneering work demonstra- 
ting that demineralized bone extracts could induce de 
novo bone formation when implanted in ectopic sites in 
rats [1-3]. This process, which recapitulates all of the 
events occurring during embryonic skeleton develop- 
ment [4-6], from the beginning has generated a lot of 
interest among bone biologists and developmental biolo- 
gists. Indeed, in a sequence that is now very well known, 
the implant is first colonized by undifferentiated mesen- 
chymal cells that differentiate into chondrocytes. Later 
on, vascular invasion occurs followed by osteoblast and 
osteoclast differentiation preceding de novo bone forma- 
tion. These experiments performed in the 1960s were 
followed by the cloning of the first BMPs more than 20 
years later, and the demonstration that these factors 
could reproduce the bone-forming activity of the bone 
extracts [7-12]. The molecular cloning of many BMP- 
encoding genes and their identification as TGF-p rela- 
tives enhanced the interest in these molecules and al- 
lowed expression and functional studies to be performed. 
Unexpectedly, given the nature of the assay that led to 
the identification of these proteins, it became rapidly 
evident that their pattern of expression, as well as their 
physiological functions, was not restricted to skeleton 
development when it affects skeleton development 
[13-16]. These functions include cell proliferation and 
differentiation; apoptosis; morphogenesis; patterning of 
various organs, including the skeleton; and organogene- 
sis [17-19]. Moreover, recent experiments have shown 
that several BMP family members cannot induce de novo 
bone formation in the classic subcutaneous implantation 
assay [20], highlighting the functional heterogeneity of 
this subfamily. Taking this important fact in account, our 
review focuses not only on the few BMP family members 
whose ability to ectopically form bone in this assay has 
been demonstrated [10, 12, 21-25], but it also highlights 
what has been learned, using mostly findings of mouse 
and human genetics, about the nonskeletal function of 
particular BMPs in vivo. 

STRUCTURE AND MECHANISM OF ACTION 

OF BMPs — 

Bone morphogenetic proteins are synthesized as large 
precursor proteins. Upon dimerization, they are proteo- 
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Fig. 1. Phylogenetic relationships between bone 
inurphogenic protein (BMP) family members. 
Amino acid sequence identities were calculated 
based on the ligand -binding domain sequence, 
which is located downstream of the first conserved 
cysteine residue. The length of the horizontal lines 
connecting one sequence to another is propor- 
tional to the estimated genetic distance between 
the sequences. No asterisk, human/mouse pro- 
tein; +Drosophila prolein; **Xcnopus protein; 
***Sea urchin protein. 



lyticaily cleaved at a consensus Arg-X-X-Arg site to yield 
carboxy-terminal mature dimers [7, 26,27]. This cleavage 
is thought to occur before secretion and subtilisin-like 
convertases (SCPs) have been implicated in this process 
[28, 29]. It has been recently shown that the downstream 
sequence adjacent to the cleavage site determines the 
cleavage efficiency, while the N-terminal region controls 
the stability of the processed mature protein [29]. Analy- 
sis of the crystal structure of two TGF-p family members, 
TGF-02 and BMP7, has revealed that the core of the 
monomer is a cystine knot involving six cysteine residues 
that are invariably spaced in the C-terminal region of 



all family members [30-32]. In general, BMPs have one 
more conserved cysteine that is involved in intermolecu- 
lar disulfide bonding, but some members of the family, 
such as Gdf3 and Gdf9, lack this cysteine, suggesting that 
covalent bonding is not required for dimerization [33]. 

Once secreted, the BMPs fulfill their signaling function 
by binding to an heterodimeric complex of two trans- 
membrane receptors, termed type I and type II, with 
serine-threonine kinase activity [15, 26, 34]. The kinase 
activity of the type II receptors is constitutive, while 
ligand binding is required for type I receptor kinase 
activation. Optimal ligand binding is achieved when both 
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type 1 and type II receptors are present, although BMPs 
can bind to each of them weakly and subsequently recruit 
the second subunit. Upon ligand binding, the type. 11 
receptor transphosphorylates the type I receptor at the 
juxtaposition region activating the type I kinase [35, 36]. 
The latter then phosphorylates members of the Smad 
family of transcription factors that are subsequently 
translocated to the nucleus, where they activate the ex- 
pression of target genes in concert with other transcrip- 
tion factors or coactivators [37-39]. It is not yet clear 
whether Smads are able to recognize specific binding 
sites and can bind alone to DNA. 

PATTERN OF EXPRESSION OF BMPs 

If the expression pattern of a gene or a family of genes 
is a reflection of its potential function, one would have 
predicted, given their restricted but spectacular function 
in vitro, that the genes encoding the various BMPs would 
be expressed preferentially if not exclusively in mesen- 
chymal condensations prefiguring the future skeleton, 
in developing bones, and in differentiated chondrocytes 
and/or osteoblasts. As it turns out, this is not the case 
for any of the BMPs for which the pattern of expression 
has been described. The most extensive studies are sum- 
marized later in this article and illustrate the point that 
developing skeleton is neither the only nor the major 
site of expression of the BMPs. 

Bmp2 expression can be detected as early as 8.5 days 
postcoiium (dpc) in mesodermal cells of the amnion and 
chorion cells of the visceral endoderm, the allantois, and 
the lateral plate mesoderm underlying the head fold [40- 
42]. From 8.5 to 9.5, Bmp2 is also expressed in the dorsal 
surface ectoderm underlying the neural tube [43]. 
Around 9.5 and 10.5 dpc, its expression can be detected 
in the outer myocardial layer of the heart, in the apical 
ectodermal ridge, and in the zone of polarizing activity 
of the developing limb [41-44]. Starting at 12.5 dpc, 
Bmp2 expression is also observed in the mesenchymal 
condensation that will give rise to the ribs and vertebrae, 
in tooth buds, in the developing eye, and in whisker 
follicles [39, 43, 44]. Later during development, Bmp2 
transcript can be observed in hypertrophic chondrocytes 
of long bones and in forming digits [45]. 

Bmp4, which encodes a close relative to Bmp2, starts 
to be expressed as early as 6.5 dpc, around the time of 
gastrulation [46-48]. At 7.5 dpc, Bmp4 becomes widely 
expressed in the embryo, marking the allantois, amnion, 
and the posterior part of the primitive streak [42, 46]. 
At that stage, this expression is restricted to ectodermal 
tissues in the chicken embryo [42]. Between 8.5 and 9.5 
dpc, a strong Bmp4 expression can be observed in the 
neural tube area, principally localized in the posterior 
mesoderm and prospective diencephaion, but also pres- 
ent in the dorsal surface ectoderm, and the presumptive 



neural crest cells [43]. As development proceeds, Bmp4 
transcripts become detectable in the mesoderm around 
the developing gut, in the myocardium, the branchial 
arches, the developing eye, the otic vesicles, the neuro- 
epithelium that , is destined to associate with Rathke's 
pouch, and the dorsomediai telencephalon region that 
will give rise to the choroid plexus [43, 46, 48-50]. As it 
is the case for Bmp2 y Bmp4 transcripts can be found 
in both the epithelium and mesenchyme tissues of the 
developing limb bud (mesoderm and apical ectodermal 
ridge) and tooth bud, suggesting that it also plays a role 
in the epithelial-mesenchymal interactions that charac- 
terize skeleton and tooth development, as well as many 
other organogenesis processes [46, 48], 

Bmp5 is expressed in the mesenchymal cells of the 
developing lung starting at 10.5 dpc. Thereafter, it is 
expressed in the ureter and connective tissue-producing 
cells underlying the bladder in the presumptive gut, in 
the ventricular chamber of the heart, the meninges, and 
transiently in the telencephalon [43, 50, 51]. During skel- 
etal development, Bmp5 expression marks some of the 
mesenchymal condensations such as the genital tubercle, 
the sternum, the thyroid cartilage, the cartilage rings of 
the trachea, and the cells forming part of the vertebrae 
[45, 52, 53]. 

Bmp6 has also a broad pattern of expression. At 8.5 
dpc, it is expressed in the branchial pouch and in the 
endodermal component of the visceral yolk sac [50, 54]. 
By 9.5 dpc, Bmp6 transcripts can be detected in the 
roofplate of the neural tube [50]. In the developing heart, 
Bmp6 expression is restricted to the epithelium of the 
branchial pouch [40, 46]. Moreover, Bmp6 is expressed 
in the developing kidney, where it marks the stromal 
cells surrounding the developing and mature tubercles, 
and in the developing skin [39, 46]. In the developing 
skeleton, Bmp6 is expressed preferentially in hypertro- 
phic chondrocytes [45, 55]. 

Bmp7 is another member of the family whose broad 
expression has been extensively studied. It starts to be 
expressed during early gastrulation, localizing in the ec- 
toderm of the periphery of the embryo [40, 42]. At 8.5 
and 9.5 dpc, Bmp7 is strongly expressed in the surface 
ectoderm and the notochord, in the neuroepithelium 
extending toward the prospective forebrain, and in the 
developing gut [40, 43]. Bmpl is also expressed in the 
atrial and ventricular chambers. This heart expression 
will continue throughout development [43]. During eye 
development, Bmp7 expression is detected in the surface 
ectoderm, the lens placode, and the optic vesicle [40, 43, 
56, 57]. In the developing skeleton, Bmp7\s expressed in 
the developing limb, in the mesenchymal cells localized 
between the developing digits, and in the chondrogenic 
zones [43, 50, 56, 57]; Bmp 7 is also expressed in many 
cells of the developing kidney, where it plays a critical 
role (discussed later in this article). At 9.5 dpc, Bmp7 
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transcripts are detected in the Wolffian ducts, which give 
rise to the ureteric buds. At 12.5 dpc, Bmp7 is expressed 
predominantly in the ureteric bud epithelium, but a 
weaker expression is also detected in the surrounding 
condensed mesenchymal cells. Later on, its transcripts 
are present in the same structures, but also in the pretu- 
bular aggregates and the podocytes of the glomeruli. No 
expression was detected in the comma- and S-shaped 
bodies [56, 57]. 

Other BMPs have not been shown to be expressed in 
developing skeletal structures, but seem to be specifically 
expressed in particular tissues. For instance, Gdf9 is ex- 
pressed in the ovaries, testis, and hypothalamus [58-60], 
whereas Gdf8 expression is restricted to skeletal muscles 
[61], and BMP10 expression appears to be restricted to 
the heart [62]. Finally, several other BMPs are expressed 
more specifically in the developing nervous system, such 
as Gdfl, Gdf7, and Gdfll [63-65]. 

From this long enumeration, a few common themes 
emerge. The expression of the BMPs is often widespread 
and dynamic as development proceeds. It is frequently 
localized at areas of epithelial-mesenchymal interac- 
tions. It is found in many more tissues and organs than 
the future skeleton, and sometime it interests the devel- 
oping skeleton only marginally. Thus, from these few 
examples, one could predict that the various BMPs could 
have a broad range of physiologic functions during em- 
bryonic development and beyond development, 

SKELETAL ABNORMALITIES IN 
BMP-DEFICIENT ANIMALS 

Through identification of the mutated genes in classic 
mouse mutants or through conventional gene- targeting 
approaches, many BMP-encoding genes have been inac- 
tivated. The chronology of publication of the molecular 
elucidation of these various mutations led initially to the 
belief that BMPs were acting mostly on skeletal develop- 
ment. However, a careful review of all of the mutants 
available nowadays clearly indicates that this is an excep- 
tion rather than a rule. We first review skeletal abnormal- 
ities in mice carrying a mutation in BMP-encoding genes 
and subsequently review the nonskeleton phenotypes. 

Recessive short ear mouse 

The recessive short ear (se/se) mouse is a classic skele- 
ton-patterning mutant that has been very well studied 
over the last 60 years [66-71], The short ear mouse has 
many anatomical abnormalities: reduced size of the ear, 
reduction in body size, reduction in the number of ribs, 
misshapen or absence of the xiphoid appendix as well as 
hydronephrosis, medial misplacement of the left gonad, 
giant cell granulomas of the liver, and lung abnormalities. 
Green, in a series of landmark studies, hypothesized 
that it was possible to relate the variety of the skeletal 



phenotypes observed in the short ear mice to a single 
function of the short ear gene during chondrocyte differ- 
entiation [68, 70, 71]. This hypothesis was supported by 
the finding, among others, that the abnormal shape or 
absence of the xiphoid appendix was due to a delay in 
the formation of the mesenchymal condensation prefig- 
uring it. The original hypothesis proved to be extremely 
accurate, as it stated that the short ear gene causes "a 
slight reduction in the rate of formation of cartilage" 
but not an arrest of differentiation, as chondrocytes and 
osteoblasts are present, even in affected skeletal struc- 
tures, in the short ear mice. This hypothesis could extend 
to the nonskeletal phenotypes only if one assumes that 
the "short ear gene" acts in multiple organs where it is 
expressed. 

In a landmark study, 50 years after the hypothesis was 
proposed that the short ear gene was controlling cartilage 
formation, Kingsley et al demonstrated that the gene 
mutated or deleted in the short ear mice was the BmpS 
gene [72]. These authors went on to show that BmpS is 
expressed in the mesenchymal condensations outlining 
the future skeleton elements that are affected as well as 
in the periosteum [52]. Subsequently they showed that 
BmpS is also expressed in lung, liver, bladder, and intes- 
tines, all organs that are affected in the short ear mice 
[52, 71]. A recent histomorphometric analysis revealed 
that the absence of BMP5 led to a minimal increase in 
growth plate height and growth rate, but no change in the 
number of proliferative and hypertrophic chondrocytes 
[73]. 

Brachypodism 

Brachypodism (bp) is another classic mouse mutation 
that appears spontaneously on an outbred mouse strain 
in 1952 [74]. Affected animals are characterized by a 
reduction in length of several long bones and the replace- 
ment of two bones in most digits by a single skeleton 
element [74, 75]. The product of the bp gene was thought 
for a long time to act cell nonautonomously and to 
control the formation of mesenchymal condensations 
[76, 77]. A similar approach was taken by the same group 
that uncovered the involvement of BmpS in the short 
ear mutation to demonstrate that the brachyphodism 
phenotype was due to frameshift mutations causing early 
termination in the GdfS gene [78]. Gdf5 is a member of 
the BMP subfamily that does not have bone-forming 
activity but induces the formation of tendon and liga- 
ment structures in the classic subcutaneous implantation 
assay used to identify the BMPs [20]. Consistent with 
this pharmacological ability, Gdfi is expressed during 
joint formation in vivo [53, 79]. However, a mutation in 
the human GDFS gene called CDMP1 has been impli- 
cated in two recessive chondrodysplasia: the Hunter 
Thompson chondrodysplasia and the chondrodysplasia 
Grebe type [80-82]. Mutations in the CDMP1 gene also 



Ducy and Karsenty: BMPs, structure, and function in vivo 



2211 



cause autosomal dominant brachydactyly type C [83]. In 
in vitro studies, it was clear that overexpression of GDF5 
increased the size of the mesenchymal condensations 
without a major effect on chondrocyte proliferation [76, 
77, 84]. This example illustrates the need to perform in 
vivo experiments to understand the physiological func- 
tion of a particular molecule accurately. 

Another remarkable fact is that both Bmp5 and Gdf5 
mutations in the same gene cause recessive phenotypes 
in mouse and dominant ones in humans. This seems to 
be a recurrent theme in the BMP field. Indeed, mice 
heterozygous for a deletion of noggin, an inhibitor of 
BMP action, have no overt phenotype whereas humans 
heterozygous for a similar mutation develop a multiple 
synostosis phenotype [85, 86]. 

Mutations in Bmp5 and Gdf5 were the first mutations 
to be identified in BMP-encoding genes, and they seemed 
to indicate that the biologic function of all BMP proteins 
could take place primarily if not only in the developing 
skeleton. As reported later in this article, subsequent mu- 
tagenesis experiments in other genes showed that it was 
not to be the case. In fact, the mutations published in 
BMP-encoding genes other than Bmp5 or Gdf5 have at 
best mild skeletal abnormalities. Homozygous Bmp2 or 
Bmp4 deletions in mice are embryonic lethal before the 
onset of skeletogenesis [41, 48]. Twelve percent of hetero- 
zygote Bmp4-deficient mice have a preaxial Polydactyly 
[86]. Homozygous J3mpd-deficient mice have no skele- 
ton-patterning defect and a mild delay of sternum ossifi- 
cation that could be traced to the formation of the mesen- 
chymal condensations [45]. Homozygous Bm/77-deficient 
mice have patterning abnormalities of the ribs and a 
preaxial Polydactyly in the hind limbs [56, 57]. As it is 
the case for the short ear mice, histologic examination 
failed to detect any other abnormalities in chondrocyte 
and osteoblast differentiation in the £/np7-deficientmice 
[57]. 

The generation of mice harboring mutations in two 
different BMP-encoding genes adds little to this picture. 
Bmp5l6 double mutant mice display only a slight exacer- 
bation of the sternal defect present in single mutants 
[45]. Mice carrying null mutations in both Gdf5 and 
Bmp5 have skeleton -patterning defects that are not seen 
in any of the single mutants, but these abnormalities are 
extremely localized and do not disturb the differentiation 
of osteoblasts or chondrocytes [87]. Likewise, mice car- 
rying heterozygous mutations in both Bmp7 and Bmp4 
have a higher frequency of rib cage and digit abnormali- 
ties than single heterozygotes, suggesting that BMP7 and 
BMP4 may act jointly in the formation of the affected 
mesenchymal condensations [88]. Finally, Bmp5l7 dou- 
ble mutant mice die early during embryogenesis, before 
the beginning of skeletogenesis [51]. 

The mild and/or extremely localized skeletal defects 
observed in all these mutant mice contrast strongly with 



the severity of the phenotype observed in other organs 
(discussed later in this article). It indicates that the physi- 
ologic functions of these proteins ax;e different from their 
pharmacological ability in two critical ways. Physiologi- 
cally, they control mesenchymal condensation but not 
cell differentiation, at least in the skeleton, and their 
actions in soft tissues appear to be more important than 
their actions in the skeleton. 

EXTRASKELETAL ABNORMALITIES IN 
BMP-DEFICIENT ANIMALS 

Consistent with their wide pattern of expression, muta- 
tions in BMP-encoding genes can affect many organoge- 
netic processes. Some of these mutations cause early 
embryonic lethality, precluding for now the analysis of 
the role of these proteins during skeleton development. 
We review briefly some of these phenotypes, with a par- 
ticular emphasis on BMP7, a gene product required for 
glomeruli formation [56, 57]. Again, the purpose of this 
enumeration is to highlight the difference between the 
wealth of their biologic function and the remarkable 
pharmacology of this group of molecules. 

Inactivating mutation in some Bmps can result in early 
embryonic lethality or in perinatal lethality, caused by 
profound extraskeletal defects. For instance, Bmp2- 
deficient mice died between 7.0 and 10.5 dpc, the mutant 
phenotype being evident at 7.75 dpc [41]. The mutant 
embryo, retained an open preamniotic canal and/or ex- 
hibited abnormal heart development. The maintenance 
of the preamniotic canal in an open state caused malfor- 
mation of the amnion and the chorion. Heart develop- 
ment occurred abnormally in the exocoelonic cavity. 
Other abnormalities include delay in allantois develop- 
ment, open neural tubes, and overall slower growth of 
these embryos. 

Inactivating mutations in Bmp4 also causes embryonic 
lethality, this time between 6.5 and 9.5 dpc with a variable 
phenotype [48]. Most of the mutant embryos show virtu- 
ally no mesodermal differentiation. Some embryos de- 
velop beyond 6.5 dpc and present disorganized posterior 
structures, a reduction in extraembryonic mesoderm, and 
are overall developmen tally retarded. More recently, it 
was shown that they contain no primordial germ and 
that lens induction does not occur in these embryos 
[89, 90], Bmp4 heterozygote-deficient mice present with 
a variable penetrance craniofacial malformation, mi- 
crophthalmia, and preaxial Polydactyly, indicating that 
Bmp4 gene dosage is essential for normal organogenesis. 
The extent and the severity of the abnormalities re- 
corded in the Bmp4 homozygous or heterozygous mu- 
tant embryos mice emphasize the pleiotropic function 
of the BMPs in vivo: 

Another BMP-encoding gene in which the deletion 
causes a perinatal lethality in mice is Bmp7 [56, 57]. 
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In the absence of Bmp7, there is a failure of kidney 
morphogenesis, the deficient mice presenting small dys- 
genic kidneys that have less than 3 glomeruli per histo- 
logic section compared with approximately 100 in normal 
mice. This defect was tracked down to a defect in epithe- 
Hal-mesenchymal interaction occurring between 12.0 
and 12.5 dpc and leading to cell death of the metanephric 
mesenchymal cells. A series of molecular analyses sug- 
gest that Bmp7 is one of the earliest glomeruli inducers. 
Bmp7 deficiency also causes, with incomplete pene- 
trance, an absence of lens induction and eye formation. 
This latter phenotype is reminiscent to what is observed 
in J3mp4-deficient embryos. This is important as it sug- 
gests that, at least during lens formation* redundancy 
between BMPs may not prevent abnormalities to occur. 

As Green pointed out, Bmp5-deficient mice (se/se) 
have also many nonskeletal phenotypes, although none 
of them are life threatening [71]. Those can include me- 
dial displacement of the left gonad, ventralization of the 
right renal artery, hydronephrosis, giant cell granuloma 
on the ventral surface of the liver, and cysts of the lung. 
These defects are all in agreement with the pattern of 
expression of Bmp5 [52]. The molecular basis of the hydro- 
nephrosis of the se/se mice has not yet been elucidated. 

Finally, the increasing number of BMP-encoding genes 
in which inactivation in mice did not give any visible 
skeletal abnormalities while other organs or functions 
where profoundly affected cannot be ignored. For in-; 
stance, deficiency in GDF7, a close relative of GDF5 
[78] , blocks the generation of a particular class of neurons 
[64]. Considering the ligamenl/tendon-forming activity 
of GDF7 in the subcutaneous implantation assay [20], 
such a role was unexpected. This result, along with the 
expression of Bmp2, Bmp4, Bmp7, and Gdfl and GdflJ 
in the developing brain [43, 50, 63, 65], indicates that 
BMPs may play an important, yet poorly understood 
role in the morphogenesis of central nervous system. 
Inactivation of Gdf8, also called myostatin, induced in 
mice or spontaneous in bovine, results in muscular hyper- 
trophy, implicating BMPs in the control of skeletal mus- 
cle growth [61, 91]. Germ cell proliferation and matura- 
tion are other functions that BMPs seem to play a critical 
role. Bmp8a and Bmp8b are tightly linked on mouse 
chromosome 4 and have a similar pattern of expression. 
Inactivation of Bmp8a leads to germ cell degeneration 
in nearly 50% of the adult males [92]. Likewise Bmp8b- 
deficient mice have as a sole reported phenotype, a male 
germ-ceil deficiency and sterility [93]. These two studies 
identified these two BMPs as critical proteins in germ- 
cell development, maintenance of spermatogenesis, and 
fertility in male mice. BMPs are also involved in mainte- 
nance of the female reproductive system. Female mice 
null for Gdf9, an oocyte-specific gene, exhibit primary 
infertility caused by failed ovarian follicular develop- 
ment [59, 60. 94]. 



In summary, genetic and molecular studies have 
helped define the paramount importance of the BMPs 
in multiple physiologic processes. In fact, it is now clear 
that most of the BMPs studied so far have, in vivo, 
profound and specific effects on organogenesis processes 
outside the skeleton. Because some of these effects lead 
to embryonic lethality, it is possible that additional roles 
may have been underestimated. The possibility now ex- 
ists to perform cell-specific and time-specific experiments 
on genes at will. Most likely, when they are performed 
these studies will determine the extent of the physiologic 
role of the BMPs during development. 

Reprint requests to Gerard Karsenty, M.D., Department of Molecular 
and Human Genetics, Baylor College of Medicine, One Baylor Plaza 
Room S930, Houston, Texas 77003, USA. 
E-mail: karsenty@bcm.cmc.edu 
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Osteogenic protein-2, OP-2, a new member of the 
transforming growth factor-/? (TGF-0) superfamily, 
closely related to the osteogen ic/bone morphogenetic 
proteins, was discovered in mouse embryo and human 
hippocampus cDNA libraries. The TGF-tf domain of 
OP-2 shows 74% identity to OP-1, 75% to Vgr-1, and 
76% to BMP-5, hence OP-2 may also have bone induc- 
tive activity. The genomic locus of OP-2 has seven 
exons, like OP-1, and spans more than 27 kilobases 
(kb). In the C-terminal TGF-0 domain, OP-2 has a 
unique additional cysteine. Mouse embryos express rel- 
atively high levels of OP-2 mRNA at 8 days, two spe- 
cies of 3 and 6 kb. A careful study of mRNA expression 
of the osteogenic proteins in specific organs revealed 
discrete mRNA species for BMP-3, BMP-4, BMP-6, 
and BMP-6/Vgr-l in lung or liver of young and adult 
mice. OP-1 is expressed in kidney; however, OP-2 and 
BMP-2 mRNAs were not detected in any organs stud- 
ied, suggesting an early developmental role. 



The extended TGF-0 1 superfamily is widely represented in 
vertebrates and invertebrates. Examples among vertebrates 
are the Vg-1 gene product of Xenopus laevis (1), Miillerian 
inhibiting substance (MIS) (2), the inhibins and activins (3- 
5) and bone morphogenetic proteins (BMP-2, -3, -4, and -5) 
(6, 7), Vgr-1 (8), and OP-1 (9). More distantly related to these 
is GDF-1 (growth and differentiation factor-1) (10). Repre- 
senting the invertebrates are the decapentaplegic protein 
(DPP) and 60A gene product of Drosophila melanogaster (11, 
12). Recently, receptors for activin and TGF-0 were cloned 
and identified as serine threonine kinases (13-15). 

TGF-0-reIated proteins are secreted as a pro form, with the 
C-terminal domain yielding dimeric mature protein (16, 25). 
The C-terminal TGF-0 domain is characterized by conserved 
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residues including a pattern of 7 cysteines. 

In their biological roles, these proteins act during embryo- 
genesis and in adult animals. For example, the DPP gene 
product is a determinant of the dorsal -ventral pattern for- 
mation of the fly, and null mutations have been shown to be 
lethal (17). Inhibins and activins control secretion of follicle- 
stimulating hormone (3, 5). Moreover, activins A and B show 
mesoderm- inducing activity (18-20). BMP-4 also induced 
mesoderm in a similar assay (21). MIS causes regression of 
the Miillerian duct during male development (2, 22). Recom- 
binant BMP-2 (23), BMP-4 (24), and OP-1 (25) induce new 
bone formation in a subcutaneous implant assay in rats (26). 
Recombinant OP-1 homodimers, produced in mammalian cell 
culture, have been effective in the repair of segmental bone 
defects in rabbit ulna (25, 27). 

A major site of OP-1 expression was found to be the kidneys 
(28). Expression of a bone growth factor in the kidneys is 
consistent with their role in calcium regulation and bone 
homeostasis. The original source of osteogenic protein, the 
bone tissue, contains several TGF-0-related proteins as evi- 
denced by protein sequence analysis of purified osteogenic 
activity (6, 29). The OP-1 gene and other BMPb were cloned 
using a consensus probe, based on partial protein sequence 
information and conserved elements of the TGF-0 family (9). 
Screening of cDNA libraries with OP-1 probe led to discovery 
of OP-2, which is described here. 

MATERIALS AND METHODS 

Library' Screening— All libraries were screened by an initial plating 
of 1 x ]0 6 plaques (approximately 5 x 10* plaques/plate) and hybrid- 
izations were in 40% formamide, 5 X SSPE, 5 x Denhardt'a solution, 
and 0.1% SDS at 37 *C. Nonspecific counts were removed in 0.1 x 
SSPE, 0.1% SDS by shaking at 50 # C. Murine OP-2 cDNA was found 
in a 17-day mouse embryo 5'-stretch cDNA library (A gtlO, MLl029a, 
Clontech, Palo Alto, CA) and also in a teratocarcinoma (PCC4) cDNA 
library (ZAPII, 936301, Stratagene, La Jolla, CA). The complete 
human OP-2-coding sequence was derived from a cDNA clone in a 
human hippocampus cDNA library (X ZAPII, 936205, Stratagene; 
from brain of a normal 2-year-old girl) and a genomic clone (EMBL- 
3 library, HL1067J, Clontech). The latter library also yielded the 
other clones used to determine the human OP-2 genomic locus. The 
genomic structure of human OP-1 was determined using two different 
libraries (Clontech, HL1067J; Stratagene, 946203). For identification 
of the splice junctions of OP-1 the following subclones were prepared. 
Exon 1 of OP-1, with both splice junctions, was subcloned as a 1.7- 
kb Pstl fragment (pOl42-12) and exon 2, with splice junctions, was 
cloned as a 0.6-kb HaelU fragment (p0247-5). Part of the third exon 
and upstream junction was cloned as a 1.7-kbPsM fragment (p0243), 
whereas the downstream junction was cloned as a 0.3-kb SauSAl 
fragment (p0248). Exon 4, with splice junctions, was subcloned as a 
0.7-kb Pst] fragment (p0229). Exons 4, 5, 6, and 7 were all present 
in the original OP-1 genomic clone (X 13) (9). 

DNA Sequencing— AW sequencing was done according to Sanger et 
al. (30) using exonuclease Ill-mediated unidirectional deletion (31), 
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Fubcloning of restriction fragments, and synthetic primers. The cod- 
ing regions of human and murine OP-2 DNA were sequenced on both 
strands. Compressions were resolved by performing reactions at 70 *C 
with Taq polymerase and using 7-deaza-GTP (U. S. Biochemical 
Corp.). 

Preparation of RNA and Northern Blot Analysis— -Mice, strain CD- 
1, and rats (Long-Evans) were from Charles River Laboratories, 
Wilmington, MA. Total RNA from mice was isolated by the acid 
guanidine thiocyanate-phenol-chloroform method (32). Poly(A)* 
RNA was analyzed on 1.2% agarose-formaldehyde gels and blotted 
onto Nytran membranes (Schleicher & Schuell) with 10 x SSC (32). 
Hybridization conditions with "P-labeled (33) probes were as de- 
scribed (28). Between hybridizations filters were deprobed in 1 mM 
Tris-HCl, 1 mM EDTA, 0.1% SDS, pH 7.5, at 90-95 'C and exposed 
to film to assure complete removal of probe. 

Cloning of Vgr-1 and GDF-1 cDNA and BMP-5-specific cDNA 
Fragments— A partial Vgr-1 clone, lacking some 300 nucleotides at 
the 5 '-coding region was isolated from a mouse brain cDNA library 
(Clontech, MLl036a) using an OP-1 cDNA probe. A murine GDF-1 
cDNA spanning the complete coding region was isolated by PCR. 
Oligo(dT) was used to prime first-strand synthesis from 200 ng of 
mouse brain poly(A)* RNA. Reactions were in a 100-fil volume with 
5 M ) of 20 X PCR reaction buffer (1 M Tris-HCl, pH 9.0, 400 mM 
ammonium sulfate, 30 mM magnesium chloride), 2 n\ of 10 mM 
dNTPs, 100 pmol of oligo(dT), 200 units of Moloney murine leukemia 
virus reverse transcriptase for 60 min at 37 "C. Reactions were 
incubated for an additional 30 min at 37 *C with 5 units of RNase H 
(GIBCO-BRL) followed by 5 min at 95 For amplification, 5'-GDF 
(GCGCAAGCTTGGACACCTCCTGGGAGG) and 3'-GDF (GGAA- 
TTCCTCAACGGCAGCCACACTCATC) primers were added to 0.6 
pM. The cDNAs with 2.5 unite of Replinase (Du Pont-New England 
Nuclear) were subjected to 1 cycle of denaturation at 94 *C for 2 min, 
annealing at 45 *C for 2 min, polymerization at 72 "C for 20 min, 
followed by 35 cycles of denaturation at 94 *C for 1 min, annealing 
at 55 *C for 2 min. and polymerization at 72 *C for 2 min. For mouse 
BMP-5, a 287 -bp fragment was isolated by PCR from mouse embryo 
mRNA under similar conditions as described for GDF-1. A 3'-BMP- 
5-specificPCR primer (CCATGTCAGCATCATTCAG) was used for 
first strand synthesis. A S'-BMP-5«specific PCR primer (CCAGAC- 
CATTTTCACCTG) was added for PCR amplification. PCR frag- 
ments were gel purified and cloned into a Bluescript KS(— ) vector. 

RESULTS 

Cloning of Murine and Human OP-2 cDNA— In an effort 
to isolate additional OP-1 related genes, we screened several 
mouse cDNA libraries, using an OP-1 probe derived from the 
TGF-0 domain (0.32-kb StuhEcoRl fragment). A 17-day 
mouse embryo cDNA library yielded not only the murine 
homolog of the human OP-1 gene (28) but also the new gene, 
termed OP-2. Only one OP-2 clone was found compared to 
four of OP-1, indicating a low abundance at the 17-day stage. 
A murine OP-2 clone was also found in a teratocarcinoma 
(PCC4) cDNA library. 

The human OP-2 gene was isolated from a hippocampus 
cDNA library, previously the source of human OP-1 cDNA, 
by screening with murine OP-2 probe specific for the pro- 
region (0.3-kb £coRI-£amHI fragment). A positive clone (X 
024 and subclone pOl66) shared extensive sequence homol- 
ogy with murine OP-2. It contained 0.4 kb of 5'-noncoding 
sequences, the complete pro-region, and the first half of the 
TGF-0 domain but lacked 0.14 kb from the C terminus. The 
last portion of the TGF-0 domain was obtained from a human 
genomic library (EMBL-3, Clontech): X 028 contained the 
last four exons of human OP-2 and provided the missing part 
of the TGF-0 domain on a BamHhPstl fragment of 0.8 kb 
(pOl73-2)! Analysis of exons 4, 5, and 6 from this genomic 
clone revealed nucleotide sequences identical to the respective 
regions in the human cDNA. Subsequently, the entire human 
genomic OP-2 locus was isolated. 

Based on cDNA and genomic DNA sequence, the predicted 
size for human pre-pro OP-2 is 402 amino acids (Fig. 1). The 
putative secretion signal peptide contains 19 amino acids and 
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Fig. 1. Deduced amino acid sequence of human and murine 
pre-pro OP-2. The deduced amino acid sequence of human OP-2 is 
shown above variant amino acids of the murine OP-2. The shaded 
boxes emphasize these variant residues. Residue numbers of human 
and murine OP-2 are marked on the right margin. The proposed 
signal peptidase cleavage site and multiple RXXR maturation sites 
are shown by vertical arrows. Cysteine residues of mature OP-2 are 
shown in bold letters. The OP-2 -specific cysteine residue is circled. 
Three dashes in the murine OP-2 sequence serve alignment. Potential 
A'-glycosylation sites are marked by 0 . 

the pro-protein contains 383 amino acids. The sequence 
RTPRJ, A is proposed as the maturation cleavage site of OP- 
2, alanine being the first amino acid of the mature protein. 
Therefore, the N terminus of the mature protein, up to the 
first cysteine in the TGF-0 domain, comprises 37 aa with 
mature OP-2 being 139 amino acids in length, like OP-1 and 
Vgr-1. 

Alignments of the TGF-0 Domains of OP-2 and Related 
Proteins— A distinctive feature of OP-2 is the presence of an 
additional cysteine in the TGF-/3 domain, which corresponds 
to a tyrosine residue in OP-1. OP-2 is the only TGF-0-reIated 
protein that breaks the pattern of 7 conserved cysteines in 
the TGF-/3 domain, as seen in the alignment with OP-1, BMP- 
5, Vgr-1, BMP-2, BMP-3, BMP-4, DPP, 60A, Vg-1, GDF-1, 
activins A and B, and TGF-/S1 (Fig. 2). This alignment places 
OP-2 near OP-1, Vgr-1, BMP-5, and also 60A. Similarities, 
as percentage of identical amino acids, are compiled in Table 
I. OP-2 is equally related (in its TGF-0 domain) to OP-1 
(74%), Vgr-1 (BMP-6) (75%), and BMP-5 (76%) and also 
very close to the Drosophila 60 A protein (65%). It is notably 
more distant from BMP-2 and BMP-4 (55%), which have 
arginine rather than histidine at the C terminus (Fig. 2). A 
glycosylation site in the center of the TGF-0 domain is shared 
by OP-2, OP-1, BMP-5, BMP-6, 60A, DPP, BMP-2, and 
BMP-4, but absent in BMP-3, and more distantly related 
proteins. 

Comparison of Human and Murine OP-2— Members of the 
TGF-0 superfamily typically show extensive conservation 
across species. The alignment of human and mouse OP-2 in 
(Fig. 1 ) shows only 4 amino acid changes in the TGF-0 domain 
while the mature proteins differ by 13 amino acids. In the 
pro-region, murine OP-2 is 3 amino acids shorter than human 
OP-2. Some diversion is found near residue 90 of OP-2, where 
OP-2 and OP-1 diverged the most (Fig. 3). Overall, a total of 
59 aa changes between human and murine pre-pro OP-2 
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FlG. 2. Sequence alignments of 7-cysteine domains. The amino acid sequence of OP-1 is aligned with that of BMP-6, BMP-6/Vgr- 
1, OP-2, Drosophila 60A, BMP-2, BMP-4, DPP, Vg-1, BMP-3, GDF-1, activin A, activin B, TGF-01. Black bars indicate complete conservation 
among all sequences and the shaded areas indicate partial conservation. Dashes (-) indicate gape introduced for alignment 



Table I 

Identities between the 7-cysteine~TGF'0 domains 
The percent identities in the 7-cysteine domains, which ere aligned 
in Fig. 2, are arranged in this matrix as groups of similarity, separated 
by double lines. ' 





op-a 


OP-1 


vgr 
-1 


BXP 

•5 


6 OA 


BMP 

•3 


BMP 
•4 


OPP 




Act. 
A 


BIO 

-3 


Act. 
B 


TCP 
51 


OF- 2 




79 


75 


75 


•5 


55 


55 


53 


99 


39 


40 


34 


39 


OP- J 


75 




• • 


91 


49 


•0 


51 


59 


57 


44 


43 


39 


34 


vgr-i 


7» 


•• 




92 


71 


43 


5» 


55 


59 


45 


44 


39 


35 


BKF-S 


74 


15 


92 




72 


59 


57 


93 


55 


44 


42 


39 


33 


©OA 


•5 


•9 


71 


73 




59 


S3 


53 


50 


39 


40 


37 


33 


«W-3 


55 


to 


•2 


59 


59 
















32 


BKF-4 


55 


55 


59 


51 


S3 


52 




74 


54 


43 


49 


44 


31 


OPP 


« 


55 


55 


53 


S3 


74 


76 




46 


44 


41 


40 


3ft 


Vg-1 


59 


57 


99 


55 


50 


55 


54 


49 




47 


49 


39 


3ft 


ACtlv.A 


39 


44 


45 


44 


39 


45 


43 


44 


47 




37 


44 


39 . 


B»-3 


40 


42 


44 


43 


40 


49 


45 


43 


49 


37 




34 


32 


Activ.B 


36 


3» 


39 


39 


37 


44 


44 


40 


39 


44 


31 




31 


rcr-ei 


as 


34 


35 


33 


33 


32 


31 


35 


3ft 


39 


32 


31 





significantly exceed the 11 changes between human and mu- 
rine OP-1 (28). Diminished conservation across species is also 
found with BMP-3 and GDF-1 (10). 

Comparison with OP- J— Alignments of human OP-2 with 
OP-1 (Fig. 3) may be used to decipher the structure and 
possible role of the pro- regions and to confirm the deduced 
sequences. OP-2 has only marginal homology with OP-1 in 
the signal peptide and adjacent pro-region (the first 33 resi- 
dues). A nearby RXXR protease site of OP-1 is replaced in 
OP-2 by RXXG, at residue 37. However, a substitute RXXR 
pattern appears, shifted by 5 amino acids. 

The pro-region of OP-2 and OP-1 share a potential glyco- 
sylate site (present also in BMP-5 and -6). While OP-1 
lacks cysteines outside of the TGF-0 domain, OP-2 contains 
a cysteine in the signal peptide and a second one at residue 
31. A third cysteine is at residue 205 in the pro-region of 
human but not murine OP-2. 

Proteolytic Maturation Sites in the Pro-domain— The pro- 
teolytic cleavages resulting in removal of pro- regions from the 
mature proteins occur immediately past the sequence KXXR 
in members of this family (7, 16, 28). Mutants of OP-1 with 
a minor alteration of the RXXR sequence are not properly 
cleaved. 2 Several genes of this family encode multiple RXXR 
patterns in the pro- region. For example, human OP-2 has 
three additional RXXR sites in the pro-region. N-terminal 
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FlG. 3. Deduced amino acid sequence of human OP-2 
aligned with human OP-1. The upper sequence repesents OP-2. 
OP-1 is shown in italics. Shaded areas indicate identical residues. 
The dots in the OP-1 and OP-2 sequences have been introduced for 
alignment. The signal peptidase cleavage sites are marked by small 
arrows. Large arrows mark the KXXR maturation sites. Potential N- 
glvcosylation sites are marked by 0 . The first cysteine in the TGF- 
0 domain is marked by a flag. The unique additional cysteine of OP- 
2 is marked by "!." 

sequencing of mature OP-1 has shown the maturation site to 
be the most downstream RXXR pattern (25). However, ad- 
ditional upstream RXXR maturation sites can also be proc- 
essed. 3 Fig. 4 shows alignments of mature N termini for 
different members of the TGF-0 superfamily. Comparison of 
16 examples shows that these RXXR sites are typically fol- 
lowed by serine or alanine. On occasion, RXXR is followed 
by aspartic acid, glycine, or glutamine. 

N Termini of the Mature Proteins— An alignment of the 



2 Kaplan, P., Dorai, H., Ozkaynak, E., and Oppermann, H., unpub- 
lished results. 



' R. Tucker, personal communication. 



OP-2, a New Member of the TGF-0 Superfamily 



25223 



OP-1 



WU»-4 

cor-i 

TCF6-1 

Tcra-2 
rcra-j 

TGTft-S 

TCrB-4 

Act i v. A 

Actlv.B 

inhib.o 

MIS 



|OTOISrCVLLI»LC KSKUKKKQiaCPKMLtQTUOrPEOTIJUr EPKJfC 

lUtfftSQOf rVVTrrT^SPSPlBTWUV££l^ll*QPUlSMClJPO*.MJILPC i roovMcsMcaovc 
WIFSTGS»0*SOK*SITPJW0IAl>KW*VAt«SSSDOIL0AC 
RTTRS AS 5 ftAAOOSfcKASTOSQDVSBCSCSS D **CS I LIT A C 
" SOTRAAKJCAANOiniKK S SSHODSSJWS SVCD VUTS EOAQAC 

>SKIt«A5}mUlAKA5VSPKHVPLLEPMeST1ISC 
A £ I K DVSGG ESCOC CAWraKAAAPTOK KyHDDTC 

EtiXElSRSLKODEHSWSO I RPLLVTFGHOCIGHPLH* — MJBOAAH — IOMC»X«fiSC 
RIl^LPCC5GflVAQlJtt>l^VTFGHDG^ 

EOSBi'»orRs«*u>rrAswic 

PJPRR DAIPVLCCCPCCAC 
gBMUUOTW YCrS STEXNC 
jjaOSUUAAAYCriOrVODMC 
RgOUUXttMYCfimUEBtC 
RXKP CVCQEVCrCWMCPMC 
&SEBt>Um>YCrCPCTT)ZXHC 

wuum cLECocKviac 

ft I RKA CLECPCKTWIX: 
RXRJRSTPLHSWPWSPSALJILLOAPP2CPAAHAHC 
BQEBCPqU^BSAGAAAAOGPC 

FlG. 4. N-terminal extensions of the mature proteins in the 
TGF-0 superfamily. The residues upstream of the 7-cysteine TGF- 

0 domains are aligned in order of similarity. The RXXR proteolytic 
maiuration sites followed by alanine or serine are shaded. Other 
RXXR patterns that do not quite conform are underlined. In several 
cases there are two potential maturation sites. The positively charged 
arginine and lysine are shown in bold letters. 

mature N tennini, up to the first cysteine of the TGF-0 
domain, for different superfamily members leads to interest- 
ing observations, regarding the length and composition (Fig. 
4). Long N termini are found for the closely related OP-1, 
OP-2, and BMP-6 (37 aa) and BMP-6 (36 aa). N-terminal 
residues of BMP-5, BMP-6, and OP-1 differ mainly by con- 
servative changes. The alignment of charged residues is nearly 
perfect for these proteins, and somewhat less so for OP-2. 
OP-2 lacks two potential glycosylation sites found in the 
mature N terminus of OP-1, BMP-5 t and BMP-6. 

Shorter N-terminal extensions (10-15 amino acids) are 
typical for the more distant members, including BMP-2, 
BMP-4, Vg-1, GDF-1, TGF-0 1-5, activin A, and MIS. BMP- 
3 is unique in having the RXXR site located 80 amino acids 
upstream of the TGF-0 domain. 

The mature N termini of OP-1, OP-2, BMP-5, BMP-6, 
BMP-2, BMP-4, BMP-3, and even DPP and 60A from Dro- 
sophila, share a high content of basic amino acid residues. 
This feature is found in all members of the superfamily that 
have osteogenic potential. It is absent in others, such as the 
TGF-0 group, the activins, and MIS. 

OP-2 mRNA Expression— lr\ order to detect OP-2 expres- 
sion we screened mRNA preparations from several organ 
tissues of 2-day-old rats, such as brain, calvaria, heart, kidney, 
and lung by Northern blot hybridization (Fig. 5). For this 
analysis brain was chosen since human OP-2 was isolated 
from a hippocampus cDNA library, calvaria were chosen as 
representative of bony tissue, and kidneys are a source of OP- 

1 mRNA (28). However, no OP-2 mRNA was detected in this 
analysis. As control we also probed with related genes in 
successive hybridizations and were able to detect mRNA of 
OP-1, Vgr-1, and BMP-4. OP-1 was found mainly in kidneys, 
Vgr-1 and BMP-4 mainly in lungs. A more detailed analysis 
is described below (see Fig. 7). 

Since OP-2 cDN A was discovered in a mouse embryo cDN A 
library we then analyzed OP-2 mRNA expression in 8-, TO-, 
and 17-day mouse embryos as well as 6-day postnatal animals 
by Northern blot analysis of poly(A)^ RNA. Extensive OP-2 
mRNA expression was found in 8-day embryos, the message 
fell drastically in 10-day embryos, and was virtually absent in 
17-day embryos (Fig. 6). The Northern result is consistent 
with the low abundance of OP-2 cDNA clones in a 17-day 
mouse embryo library (one clone in 10 6 ). Extremely low levels 
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FlG. 5. Analysis of OP-1, OP-2, Vgr-1, and BMP-4 mRNA 
in brain, calvaria, heart, kidneys, and lung of 2-day-old rats. 
mRNA was purified (32) from several organs of Long-Evans rats. 
Equal amounts of poly(A)* RNA (10 pg) were loaded into each lane 
of a 1.2% agarose-formeldehyde gel. Sequential hybridizations were 
done with specific probes; murine OP-1 (0.7-kb B$tX\-Bgll fragment), 
murine OP-2, 3' -untranslated region (0.42-kb Xmnl-Hindlll frag- 
ment), murine Vgr-1 (0.26-kb Puull-SocJ fragment), and human 
BMP-4 (0.7-kb BstEU fragment). The location of probes can also be 
seen in the line diagrams on the right panel of Fig. 7. Markings on 
the right of each hybridization correspond to 9.49-, 7.46-, 4. 40-, 
2.37-, and 1.35-kb RNA (0.24-9.49-kb RNA ladder; GIBCO-BRL). 

were detected in 6-day postnatal animals and kidneys from 2- 
week-old animals. 

mRNA Expression of Other TGF-fi Superfamily Members 
in Specific Organs— In order to detect OP-2 expression in 
grown animals we screened several mouse organs by Northern 
hybridization. We extended this analysis to eight TGF-0- 
related genes (OP-1, OP-2, Vgr-1, BMP-2, BMP-3, BMP-4, 
BMP-5, and GDF-1) as no stringent or comprehensive study 
of mRNA expression is found in the literature. Cross- hybrid- 
ization was minimized by using specific probes corresponding 
to highly diverged sequences. Poly(A) + RNA from brain, 
spleen, lung, heart, liver, and kidney of 2-week-old and 6-9- 
month-old male mice was analyzed on 1.2% agarose-formal- 
dehyde gels, transferred to a membrane and hybridized se- 
quentially to different probes (Fig. 7). 

Clear results were obtained for most genes but no mRNA 
was detected in any organs studied for OP-2 (data not shown) 
and BMP-2. OP-1 message is mainly present in the kidneys 
and at a lower level in brain tissue as a total of four species 
(1.8, 2.2, 2.4, and 4.0 kb) (28). BMP-6/Vgr-l mRNA, a single 
species of about 3.7 kb, is found in lungs and at low level in 
kidneys. BMP-5 mRNA is located in lungs and liver as a 
single species of 4.2 kb. BMP-4 mRNA is mainly in lungs and 
at much lower levels in kidneys (two species of 1.8 and 2.1 
kb). BMP-4 specific signal was also detected in spleen and 
liver, however, migrating slightly different. Possibly this sig- 
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Fic. 6. Expression of OP-2 mRNA in murine embryos and 
6-day postnatal animal. Equal amounts of poly(A)* RNA (10 Mg) 
were loaded into each lane. Hybridizations were done with probes 
specific for the pro-region of murine OP-2 (0.31 -kb £coRI«BomHl 
fragment), and the 3 '-untranslated region of murine OP-2 (0.42-kb 
Xmnl'HindUl fragment). The locations of the probes are shown with 
bold lines underneath the line diagram corresponding to the murine 
OP-2 cDNA. Lane J, poly(A)* kidney RNA (a negative control); lanes 
2-7, poly(Ar RNA obtained from 8-day embryos (lane 2), 10-day 
embryos (lane 3), 17-day embryos (lane 4), 6-day postnatal animals 
(lane 5), 2-week -old animal kidneys (lane 6) t 8-day embryos (lane 7). 
Lanes hybridization to a pro-region specific OP-2 probe, and 
lane 7, hybridization to a 3' -untranslated region specific OP-2 probe. 
The gray box in the OP-2 line diagram indicates the signal peptide 
and the hatched box corresponds to the TGF-0 domain. An arrow 
marks the location of the maturation site. The sizes of the major OP- 
2 mRNA species are shown on the left. 



nal results from cross-hybridization with an unknown BMP- 
4 related gene. BMP-3 mRNA is observed in lungs (two 
species of 2.5 and 7 kb and a minor species of 3.2 kb). GDF- 
1 -specific message of 3 kb is found only in brain, in accordance 
with Lee (10). 

Age-dependent mRNA Expression — An age -dependent 
mRNA expression is not only observed for OP-2 but also with 
related genes: OP-1 mRNA in the kidneys of young animals 
(2 weeks old) is approximately twice the level of adult animals 
(6-9 months old) (Fig. 7). Similarly, BMP-5 mRNA is de- 
tected in the lungs and liver of young animals, much more so 
than in adult animals. For Vgr-1 and BMP-4, a reverse 
pattern of age-dependent expression is observed in the lungs, 
with levels approximately three times higher in adult over 
young animals. BMP-3 and GDF-1 mRNA levels in lungs and 
brain remained unchanged with age. 

Presence of Multiple or Large Transcripts— The presence of 
oversized and multiple mRNA transcripts of OP-2, two species 
of 3 and 5 kb in 8-day embryos, has ample precedence among 
the other related genes. Most members of the superfamily 
have transcripts „much_ larger than, the expected --1.4U1.8*kb~ 
size and several have different size transcripts (Fig. 7). North- 
ern blots showed four OP-1 mRNA species: 1.8, 2.2, 2.4, and 
4 kb (28). BMP-3 also has multiple size transcripts (2:5 and 
7.0 kb). BMP-5 and Vgr-1 (8) have single size transcripts of 
about 4 kb, much longer than expected. 

Genomic Structure of the Human OP-2 Gene— The human 
OP-2 locus was isolated from a genomic library on three 
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Fig. 7. mRNA expression of TGF-j? superfamily members 
in organs of mice. Expression of OP-1, Vgr-1, BMP-5, BMP-4, 
BMP-2, BMP-3, and GDF-1 mRNA was studied in selected organ 
tissues of 2-week- and 6^9-month-old mice. Equal amounts (5 *tg) of 
poly(A)* RNA were loaded onto each lane of a 1.2% agarose-formal- 
dehyde gel. Lanes 2, 4 y 6\ 8, 70, and 12 correspond to poly(A)* RNA 
obtained from 2-week-old mice, lanes 3, 5, 7, 9 t 11, and 13 correspond 
to poly (A)* RNA obtained from 6-9-month-old mice. Lanes 1 and 14 
contain poly (A)" RNA (from brain and liver of 2-week-old mice). 
The same membrane was used for sequential hybridizations with 
probes specific for: murine OP-1 (0.7-kb BstXhBgl] fragment); mu- 
rine Vgr-1 (0.26-kb PouII-Socl fragment); murine BMP-5 (0.28-kb 
Pstl fragment, Pst] sites were introduced during the PCR); human 
BMP-4 <0.7-kb BstEll fragment); murine BMP-3 (0.27-kb EcoRl- 
£coRV fragment); human BMP-2 (0.7-kb TVcoI fragment); murine 
GDF-1 (0.47-kb CYal-Psfl fragment, Clal site from the vector); murine 
EF-Tu (0.5-kb >7mdIII-£amHI fragment, BamHl from the vector). 
Locations of the probes are shown in bold lines underneath the cDNA 
diagrams. The gray boxes in the diagrams indicate the signal peptides 
and hatched boxes correspond to the 7 -cysteine/TGF-£ -domains. Ar- 
rows mark the location of maturation sites. The sizes of the major 
RNA species are shown on the left. Markings on the right of each 
hybridization correspond to 9.49-, 7.46-, 4.40-, 2.37-, and 1.35-kb 
RNA <0.24-9.49-kb RNA ladder). 

overlapping phage clones (X 034, 035, 028), the OP-2 coding 
information spread over 7 exons and 27 kb. The entire nu* 
cleotide sequence with exception of the largest two introns, 1 
and 3, was determined from 20 subclones (Fig. 8). The exon- 
intron-boundaries are shown-in-Eig.-9.-A comparison of exon- 
intron boundaries in the TGF-0 domain showed matching 
locations with those of OP-1 (9). The first OP-2 exon contains 
334 bp of coding sequence (111 amino acids), including the 
signal peptide, and is followed by the largest intron (14.6 kb). 
The second exon (190 bp, 64 amino acids) is separated by a 
short intron (0.4 kb) from exon 3 (149 bp, 49 amino acids). It 
follows a large third intron of 9.5 kb. The fourth exon (195 
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FlC. fi. Genomic structure of OP-1, OP-2, and BMP-4. OP- 
1 and OP-2 genes contain seven exons, whereas the BMP-4 gene 
contains two exons. Some subclones used to derive the genomic 
structures ere shown in bold lines, with the corresponding phage 
clones in parentheses. The OP-2 gene spans 27 kb of genomic distance 
(contained in three phage clones). K and X indicate Kpnl and Xnol 
sites, respectively. R and P indicate £coRI and Pst\ sites in the BMP- 
4 locus. Dotted lines in the OP-1 diagram indicate undetermined 
intron lengths. Genomic subclones used to determine the OP-1 struc- 
ture: pOl42 (1.7-kb Pst] fragment), p0247 (0.6-kb Haelll fragment), 
p0243 (1.7-kb P«rl fragment), p0248 (0.3-kb Sou3Al fragment), 
p0229 (0.7-kb Pstl fragment), p064 (5-kb EcoRl fragment), p057 
(3-kb BamW fragment). Genomic subclones used to determine the 
OP-2 structure: pO210 (1 1-kb Xhol fragment), p0208 (8.4-kb BamW- 
Kpnl fragment), p0222 (9-kb Xhol fragment), p02l7 (9.4-kb Kpnl 
fragment), pOl74 (0.8-kb Pstl fragment), pOl79 (2.8-kb StuI frag- 
ment, p0214 (3.6-kb Kpnl fragment). Genomic subclones used to 
determine the BMP-4 structure: pO50 (2.2-kb EcoRl fragment), p049 
(1.2-kbPfifl fragment), p044 (1.9-kb £coRI fragment). 

bp, 65 amino acids) encodes the RTPRjA maturation site and 
is followed by a 0.8-kb intron. The TGF-0 domain resides on 
exons 5-7: exon 5 (80 bp, 27 amino acids) encodes the first 
cysteine of mature OP-2 and is followed by intron 5 (0.5 kb 
in length), exon 6 (111 bp, 37 amino acids) is separated by a 
2.5-kb intron from the seventh, last exon with 147 bp (49 
amino acids) of coding sequence. 

Genomic Structure of Human OP-i— To complete the ge- 
nomic comparison of OP-2 and OP-1 we isolated the remain- 
ing exons of OP-1 from a human genomic library on three 
phage clones: exon 1 and 2 (A 08), exon 3 (X 047), and exon 
4 (X 037). The structure of OP-1, with exception of the first 
four introns was determined as follows. Exon 1 contains 418 
bp of coding sequence (139 amino acids), and exon 2 is 193 
bp (65 amino acids). Exon 3 measures 148 bp (49 amino acids) 
and exon 4 is 198 bp (66 amino acids) in length. Exon 5, 78 
bp (26 amino acids), is followed by a 1.6-kb intron. Exon 6 is 
111 bp (37 amino acids), followed by a 2.1 -kb intron. The last 
OP-l exon contains 147 bp of coding sequence (49 amino 
acids). 

Compared with OP-2, all OP-1 splice junctions are also 
located at identical positions (Fig. 8), indicating that OP-1 
and OP-2 diverged more recently than BMP-4. 

Genomic Structure of Human BMP-4— Screening of a hu- 
man genomic library with a consensus gene probe (9), resulted 
in isolation of the entire genomic BMP-4 in one clone (X 18) 
on two £coRI fragments (pO50, p044); The complete BMP- 
4 coding region is present in only two exons, 0.37 and 0.86 kb, 
interrupted by an intron of 0.96 kb (Fig. 8). 

DISCUSSION 

The present study describes a new gene which is closely 
related to OP-1, BMP-5, Vgr-1, and Drosophila 60A. Based 
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Fig. 9. Exon- intron boundaries of OP-2. The partial nucleo- 
tide sequences of the human OP-2 gene show all 12 exon-intron 
boundaries. The intron sequences are shown in lowercase lettering. 
The maturation cleavage site is marked with an arrowhead, and the 
first cysteine in the TGF-0 domain is circled. 



on the extensive homology with other osteogen ic/bone mor- 
phogenetic proteins that are active in the rat subcutaneous 
implant assay, it is expected that OP 2 has osteogenic poten- 
tial. The genomic structures of OP-1 and OP-2 both contain 
seven exons, spread over large distance with matching exon- 
intron boundaries, thus setting them apart from from BMP- 
2, BMP-4, and BMP-3. 

OP-2 is uniquely marked by an 8th cysteine in the "7- 
cysteine domain" of the TGF-/9 superfamily. Since the mature 
members of the TGF-/3 superfamily are dimeric, this extra 
cysteine may participate in and- stabilize the dimer formation. 
Recently the crystal structure of TGF-0 has been published 
(34, 35), and a single intermodular disulfide bridge has been 
identified. Substitution of the respective cysteine in OP-2 by 
serine, for example, by site -directed mutagenesis might show 
whether the additional cysteine can preserve the dimer struc- 
ture. 



25226 



OP-2, a New Member of the TGF-0 Superfamily 



A close inspection of the proteolytic maturation sites of 
several precursors shows that the pattern RXXR can be 
further specified as RXXKjA or R^JVRjS, which are found 
in the majority of cases. In OP-2 the TGF-0 domain follows 
two potential maturation sites, 21 residues apart. Multiple 
RXXR sites near the TGF-/3 domain are also seen in BMP-2 
and BMP-4, about 30 residues apart. Additional proteolytic 
maturation sites are found further upstream in the pro-region. 
In human OP-2 the multiple maturation sites could release 
five potential polypeptides, spanning from amino acid 20 
(signal peptide cleavage site) to aa 42, from 43 to 101, from 
102 to 242, from 243 to 263, and the mature C-terminal 
domain, with the possibility of additional biological activities. 

The mature N termini of different members of the TGF-/S 
superfamily are quite diverse in their amino acid sequence. 
The extensive variations found in the mature N termini may 
provide distinction between the otherwise conserved mature 
proteins. Possibly this region has diverged because it is not 
crucial for receptor binding or protein folding. However, for a 
given protein this region is still relatively well conserved 
among animal species, in support of a functional role. N- 
terminal sequences may supply the individual proteins with 
more specific recognition for their respective receptors. They 
may allow targeting of specific tissues via binding to extra- 
cellular matrix. The N terminus of OP-2 has some similarity 
in composition to nuclear localization sequences that contain 
several prolines interspersed with lysines or arginines (36), a 
feature not seen for the other osteogenic proteins. 

The high content of basic amino acids in the N terminus is 
characteristic for the osteogenic proteins. In contrast, a ma- 
ture N terminus of only 10-14 amino acids with few basic 
residues is characteristic for the more distantly related pro- 
teins, TGF-0 1-5, the activins, inhibin a, and MIS. The 
positively charged N termini of the osteogenic proteins may 
permit binding of the proteins to hydroxylapatite, a resin 
traditionally used during purification of the osteogenic protein 
(29). In vivo, the basic N termini may mediate the deposition 
of osteogenic proteins in bony tissue. However, in the subcu- 
taneous bone induction assay the N termini are not essentia] 
for biological activity (25) perhaps due to the local adminis- 
tration of the protein, immobilized on collagen matrix. The 
insect proteins, DPP and 60A, also display positively charged 
N termini, even though their role is not bone induction. 

The analysis of mRNA species for osteogenic proteins has 
been difficult due to the extremely low level of natural expres- 
sion of these proteins, and published data are sparse. Analysis 
by dot blot or by in situ hybridization is confounded by the 
possibility of cross hybridization of probes to different mem- 
bers. In our study we have minimized this possibility by 
careful choice of probes. Selection of poly(A)* RNA on 
oligo(dT)-cellulose is necessary due to low levels of expression 
of these mRNAs. The low level of expression may be a 
reflection of regulatory function and high biological activity. 
Nanogram amounts suffice for subcutaneous bone induction 
in the rat model (29). 

Northern analysis of several organs with probes for various 
family members indicates that mRNA for most of them is 
expressed in specific organs. OP-1 mRNA is expressed mainly 
in kidneys and bladder (28), which may explain the epithelial 
osteogenesis, discovered by H uggins over 60 years ago: Hug- 
gins (38) noted that urinary tract epithelia implanted into the 
abdominal wall of dogs evoked large amounts of bone within 
12 days. OP-1 mRNA is also expressed in brain which is the 
sole site of GDF-1 expression. In contrast, we find BMP-3, 
BMP-4, BMP-5, and BMP-6/Vgr-l to be primarily expressed 
in the lungs. The lungs may participate in the growth regu- 



lation of bone and connective tissues in an endocrine manner, 
as proposed for the kidney (28). 

OP-2- and BMP-2-specific mRNAs were not detected in 
any of the adult organs by our Northern hybridization analy- 
sis. OP-2 cDNA was found at low abundance in a hippocam- 
pus cDNA library and may be expressed at low levels in brain. 
However, OP-2 mRNA was found at relatively high levels in 
8-day mouse embryos, indicating a developmental role; in the 
adult animal OP-2 and BMP-2 may be expressed in a more 
discrete location, or primarily during tissue regeneration. 
While the timing of expression for BMP-5 and OP-1 seems 
to be directly related to growth, an inverse relationship was 
found for Vgr-1 and BMP-4. The level of BMP-3 expression 
(in lungs) did not change with the age of the animal. 

The early embryo displays two oversize OP-2 mRNA spe- 
cies. Hence, the OP-2 locus may be considerably larger that 
the 27 kb cloned so far. The multiple size transcripts observed 
for OP-1, OP-2, BMP-3, and BMP-4 may result from splicing 
events that affect coding or untranslated regions, or they may 
represent bicistronic mRNA species (10). Diverse transcripts 
have also been seen with DPP. These multiple DPP-specific 
mRNAs have been shown to be due to alternatively spliced 
5 '-untranslated exons (37). 

There is an apparent redundancy of osteogenic proteins in 
the TGF-/9 superfamily. Since bone has different architectures 
and fine structures depending on the anatomical localization 
(for example, long bones, facial bones, skull plates, and den- 
tin), the osteogenic proteins may have evolved along with the 
different types of bone. Roles other than bone formation are 
likely since analogs of the osteogenic proteins have been found 
in invertebrates (DPP and 60A of Drosophila). Multiple func- 
tions are indicated by the fact that the bone morphogenetic 
proteins are expressed in early embryonic development as well 
as later in life. 



Acknowledgments — We thank Scott Bagley for excellent sequenc- 
ing work. We thank John E. Smart for stimulating discussions and 
Donald Engelman and John Lee for their overall input in the bone 
project 

REFERENCES 

1. Rebagliati, M. R. f Weeks, D. L., Harvey, R. P., and Melton, D. A. (1985) 

Cell 42, 769-777 

2. Cate. R. L„ Mattalieno, R. J., Heasion, C. Tixard, R., Farber, N. M., 

Cheung, A.. Ninfa, E. C. Frey, A. Z., Gaah, D. J., Chow, E. P., Fisher, 
R. A., BertoniB, J. M„ Torres, G., Wellner, B. P., Ramachandran, K. L., 
Ragin, R, C, Manganaro, T. F., MacLaughlin, D. T., and Donahoe, P. 
K. (1986) Cell 46, 686-698 

3. Maaon, A. J., Heyfuck, J. S. f Ling, N., Each, F„ Ueno, N., Ying, S-Y., 

Guillemin. R., Kiall, H.. and Seeburg, P. H. (1985) Nature 3 1 8. 659-663 

4. Ling, N., Ying, S-Y., Ueno, N., Shimasaki, S., Each, F., HotU, M. f and 

GuiHemin, R. (1986) Nature 321 , 779-782 

5. Vale, W., Rivier, J., Veughan, J., McChntock, R„ Corrigan, A.. Woo, W„ 

Karr. D.. and Spiess, J. (1986) Nature 321, 776-779 

6. Wozney, J. M., Rosen. V., Celeate, A. J., Mitsock, L. M, Whittera, M. J., 

Kr«, R. W., Hewick, R. M, and Wang, E. A. (1988) Science 242, 1528- 
1533 

7. Celeste, A. J., lannazzi, J. A.. Taylor, R. C. Hewick, R. M., Rosen. V., 

Wang, E. A., and Womey, J. M. (1990) Proc. NatL Acad. Sci U. S. A. 
87, 9843-9847 

8. Lyons, K., Gravcar, J. L., Lee, A., Hashroi, S., Lindquiot, P. B., Chen, E. 

Y., Hogan, B. L. M., and Derynck, R. (1989) Proc. Natl. Acad. Sci. 
U. S. A. 86, 4554-4558 

9. Ozkeynak, E., Rueger, D. C. Drier. E. A.. Corbett. C. Ridge, R. J., Sampath, 

T. K., and Oppermenn. H. (1990) EMBO J. 9, 2085-2093 

10. Lee, S-J. (1991) Proc. Natl. Acad. Sci U. S. A. 88, 4250-4254 

11. Segal, D.. and Gelbart, W. M. (1985) Genetics 109, 119-143 

12. Wharton, K. A., Thomaen, G. H., and Gelbart, W. M. (1991) Proc. Natl. 

Acad. Sci V. S.A. 88, 9214-9218 

13. Mathewa, L. S., and Vale, W. W. (1991) Cell 66, 973-982 

14 : Lin, H,X, Wang, X.:^ F. 

(1992) Cell 68, 775-785 

15. Masaague, J. (1992) Cell 69, 1067-1070 

16. Panganiban, G. E. F., Rashka, K. E., Neitiel, M. D., and Hoffmann, F. M. 

(1990) Mol. CelL Bioi 10, 2669-2677 

17. Irish, V. F.. and Celbart, W. M. (1987) Genes & Dev. 1, 868-879 

18. Van den Eijnden-Van Raeij, A. J. M, van Zoelent, E. J. J., van Nimmen.. 

K., Koster, C H., Snoek. G. T., Duraton, A. J., and Huylebroeck, D. 
(1990) Nature 345, 732-734 

19. Smith, J. C. Price, B. M. J., van Nimmen, K., and Huylebroeck, D. (1990) 

Nature 345, 729-731 



OP-2, a New Member of the TGF-0 Superfamily 25227 

20. Thomeen. G.. Woolf. T.. Whitman. M., Sokol, S., Vaughan, J., Vale, W., 28. Ctekaynak, E„ Schnegelsberg. P. N. J., and Oppermann. H, (1991) Biocnem. 

and Melton, D. A. (1990) Cell 63. 486-493 Biophyt. Res. Commuru 179. 116-123 

21. Koater, M„ Pleasow, S., Clement, J. H., Loreni, A., Tiedemann, H., and 29. Sampath, T. K., Coughlin, J. E., Whetstone, R. M. ( Banach, D., Corbett, 

Knochel, W. (1991) Mecn. Dev. 33, 191-200 C. Ridge, R. J., Oikaynak, E., Oppermann, H., and Rueger, D. C. (1990) 

22. Behringer, R. R., Cat*, R. U Froelkk, G. J., Palmiter, R. D., end Brinater, J. Biol Chem. 266, 13198-13205 

R. L. (1990) Nature 346, 167-170 30. Sanger, F., Nicklen, S., and Coulson, A. R. (1977) Proc. Natl Acad. Sci 

23. Weng,E.A. 1 Ro8en,V. 1 D'Ale8eandro,J.S.,Bauduy.M.,CoTdefl,P.,Harada, ^ If. S.A. 74, 6463-5467 

T., Israel, D., Hewick, R. M., Kerns, K. M, LaDan, P., Luxenberg, D. P., 31. Ozkaynak, E., and Putney, S. D. (1987) Bio/Techniques 6, 770-773 

McQuaid, D., Mouaauoe, 1. K., Nove. J., and Woiney. J. (1990) Proc. 32. Chomciynaki. P., and Sacchi, N. (1987) Anal. Biochem. 162. 156-169 

Natl Acad Set U. S. A. 87, 2220-2224 33. Ausubel. F. M., Brent, R., Kingston. R. E.: Moore. D. D.. Smith, J. A.. 

24. Hammonds, R. G. Jr, SchwaU, R., Dudley, A., Berkemeier, L. t Lai, C, Lee, Seidman, J. G., and Struhl, K. (eda) (1990) Current Protocols in Molecular 

J., Cunningham, N., Reddi, A. H„ Wood, W. 1., and Mason, A. J. (1991) Bioto&; Wil«y-Interscience, New York 

Mol Endocrinol 6, 149-166 34. Daopin, S., Piei, K. A., Ogawa, Y., and Daviea, D. R. (1992) Science 267. 

25. Sampath, T. K., Maliakal, J. C. Hauschka, P. V., Jones, W. K., Sasak, H., 369-373 

Tucker, R. F u White, K., Coughlin, J. E., Tucker, M. M., Pang, R. H. L., 35. Schlunegger, M. P., and Gruetter, M. G. ( 1992) ^arure 368, 430-434 

Corbett, C, Oikaynak, E., Oppermann, H., and Rueger, D. C. (1992) J. 36. Wagner, P., Kunz, J., Koller. A., and Hell, M. N. (1990) FEBS Lett. 276, 
Biol Chem. 267 , 20352-20362 1-6 

26. SampBtb, T. K M and Reddi, A. H. (1981 ) Proc. Natl Acad. Sci. U. S. A. 76, 37. St. Johnston, R. D., Hoffmann, F. M., Blackman, R. K., Segal, D., Griraaila, 

7599-7603 R., Padgett, R. W., Irick, H. A., and Gelbart, W. M. (1990) Genes & Dev. 

27. Cook. S. D., Baffea. G. C, Sampath, T. K.. and Rueger, D. C. (1991) J. 4. 1114-1127 

Mineral Res. 6, Suppl. 1 (Abstr. 283) 38. Huggins, C. B. (1931) Arch. Surf. 22, 377-408 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□/COLOR OR BLACK AND WHITE PHOTOGRAPHS 
GRAY SCALE DOCUMENTS 
LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 




